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Abstract
Molecular states in SB, 10B, 11B, n C and 12C have been studied in the reactions 6Li+12C 
at 60MeV and 10B + 12C at 84.5 MeV. Final states in these nuclides were kinematically recon­
structed from the measured energies and angles of the charged decay products. The original 
motivation was to identify theoretically predicted, but so far unobserved, three-centre molec­
ular states in 8B. No evidence for these was found. However, the 7Be+p decay of low energy 
8B states was observed. The decays of the nuclides with mass 10, 11 and 12 via d and a emis­
sion allowed the study of two-centre and three-centre structures in these systems. The results 
are generally more complete and the spectra of higher quality than previous work. The data 
for triple-a break-up of 12C are assessed in terms of a recently re-introduced method of spin 
assignment based upon Dalitz plots. New high excitation energy 12C states that selectively 
decay to 8Be(gs)-|-4He have been observed. States in 10B, including a new high excitation 
level, are reviewed in light of the results of the present work. The results are related to pre­
vious studies and discussed with reference to rotational structures, particularly in the mirror 
pair 11B and n C. In those A = 1 1  nuclides T =  | states are observed in the T =  \ a-decay 
channel.
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Chapter 1
Introduction &; Background
1.1 Introduction
The field of nuclear physics can be said to have began in 1896 with BecquerePs discovery of 
radioactivity [1] or Rutherford’s proposal of the nuclear atom in 1911 [2]. The idea of the 
many body nucleus subsequently took off with the discovery of the neutron by Chadwick [3] 
(1932) and the compound nucleus theory developed by N. Bohr [4] (1936). Bulk properties 
of the nucleus were first accurately described by the Liquid Drop Model (1939, N. Bohr and 
J.A. Wheeler) [5]. Further ground breaking advancements came with the development of the 
Independent Particle Model (IPM) by Mayer (1949) [6] and 0. Haxel et al. (1949) [7] and 
its evolution into the shell model as we know it today, with more recent advances being the 
mean field and clustering descriptions of the nucleus. With the current theoretical models 
and experimental techniques the field of nuclear physics continues to advance our knowledge 
of fundamental aspects of science and influence other areas of physics such as particle physics 
and solid state physics.
The nuclide 8B has Z — 5 and N  — 3, which is very proton rich with a N/Z ratio of 
only 0.6. It has only one bound state, the ground state, with the last proton being weakly 
bound, and is unstable to /3+-decay to 8Be (with a half-life of Tx — 0.77 s [8]). Apart 
from the ground state, 8B only has four experimentally observed excited states (detailed in 
Section 1.2), perhaps surprisingly so for a well studied nuclide such as 8B, and this marks it 
out as a nuclide of interest for further study. The currently known excited energy levels of 
8B are shown in Fig. 1.1.
In Fig. 1.1 the horizontal lines to the sides represent threshold energies for break-up to
certain combinations of final state particles. Apart from the obvious lack of excited energy
levels the nuclide 8B is of interest as it is an example of a known proton halo nucleus. From a
wider perspective, 8B is of astrophysical interest, particularly in studies of stellar burning due
1
1.1. Introduction 2
3.690
5Li+3He
1.7236
4He+3He+p
0.1375
8.589
6Be+d
7Be+p
Figure 1.1: Energy level diagram for 8B, including certain break-up threshold energies (in 
MeV) [9].
to its ground state involvement in the capture reaction 7Be(1H,7 )8B [10, 11]. It is well known 
that there are mass 5 and 8 gaps, in terms of stable nuclei, in the chain of nuclei produced in 
stellar burning from 1H up to the nuclides that are the initial seeds of the r-process. Indeed, 
there are no particle-stable mass 5 nuclides and mass 8 nuclides /3-decay to sBe which is 
unbound to 2a break-up. Thus, any mass 8 nuclides will play an important part in the 
abundances and production rates of the r-process nuclei. Also of interest is the relevance of 
8B to the solar neutrino problem. The nuclide 8B is the source of the high-energy neutrinos 
from the sun [11] and the currently observed rate is only about one-third of the expected 
value [8]. The experimental motivation for studying 8B is further described in Section 1.2.
To study 8B two experiments were performed at the Australian National University 
(ANU) at Canberra, namely in April 2002 using the reaction 12C(6Li,8B)10Be with a 6Li beam 
of 60 MeV incident on a thin 12C target, and in April 2005 using the reaction 12C(10B,8B)14C 
with a 84.5 MeV 10B beam energy and thin 12C target (both experiments are described in 
Chapter 3). Complete kinematic reconstruction of the 8B from its relevant break-up products 
and subsequent analysis was achieved through the use of the Resonant Particle Spectroscopy 
technique (explained in Chapter 4). Results of the reconstruction of 8B and other light mass 
nuclides are included in Chapter 5, with the discussion of those results included in Chapter 6. 
Chapter 7, which is on the conclusions drawn from the analysis and possible future work, 
finishes this report.
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1.2 Experimental Motivation
So far only a handful of states have already been found in 8B in experiments to date [9], 
as seen in Fig. 1.1. As mentioned the SB ground state is involved in the important capture 
reaction 7Be(1H,7 )8B and as such is one of the most studied, both experimentally and theo­
retically, of the known 8B states [10, 12, 13]. With the very low proton separation energy of 
Sp =  0.1375 MeV [9] the 7Be-1H relative spatial separation is large and the proton spends a 
relatively large fraction of its time outside of the 7Be core. The proton halo nature of the 8B 
ground state is now fairly well established [10,14, 15, 16] (and references therein), particularly 
by the measurements of the low momentum distribution of the 7Be core after 1H fragmen­
tation by Coulomb dissociation [17, 16], and could provide information on the structure of 
the excited states. The first excited state at 0.7695 MeV, with a width of 0.0356 MeV (where 
the width of an excited state is inversely proportional to its lifetime) [18, 19], has a spin 
and parity of 1+ [20] and is unbound. Experimentally, these two states are well determined, 
whilst the next two are somewhat less so [9].
Above the 0.7695 MeV level at 2.32 MeV, with a width of 0.35 MeV, is the 3+ state [18,12]. 
The 2~ 3.5 MeV state has an effect on the 7Be+1H capture reaction at astrophysical energies 
[21] and so the width and energy of the resonance are important to any calculations involving 
the capture cross section. There is a large experimental uncertainty in this resonance, with the 
respective energy and width of 3.5±0.5 MeV and 8±4MeV not well established at the moment 
[21] (and references therein), which has been observed in the resonant elastic scattering and 
capture of protons on 7Be [21, 22]. Above these four T  =  1 levels (where T is the isospin 
quantum number), the remaining state is the 0+ 10.619 MeV state, which is a considerable 
energy above the next highest state observed below it. This state is the first T  =  2 state in 
8B and is a member of an isospin quintet [23], which, historically, completed the first isospin 
quintet to have all five members identified. Although not given as such in the compilation [9], 
the 2~ 3.5 MeV state is taken to be T  =  1 here as it is below the known first T =  2 state. For 
such a well studied nuclide the experimentally observed energy levels in 8B are very sparse, 
with a large gap between the 3.5 MeV and 10.619 MeV levels. This raises the questions of 
does one expect to find other states in this nuclide, and if so, what is the structure of these 
states, their spin, parity and isospin, and in which energy region would they be? These 
questions can be begun to be answered by first considering the isobaric nuclei 8Li and sBe, 
shown in the isobar diagram in Fig. 1.2.
In the mirror (where the values of N  and Z  have been swapped) nucleus 8Li (and similarly 
in the isobaric nuclide 8Be) there are 10 T  =  1 states that have been experimentally observed
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Figure 1.2: The A =  8 isobars showing the T =  1 analog nuclides 8B and 8Li and the 
analog states known in 8 Be [9].
below the first T  =  2 state at 10.8222 MeV. By isospin symmetry (originating from the 
charge independence and charge symmetry of the nuclear force, as described in Section 2.5) 
the presence of the 8Li T =  1 states tells us that SB should have more T =  1 states below 
its first T =  2 state at 10.619 MeV than has so far been observed (reasonably, we can expect 
at least another five T =  1 states above ps 2 MeV). Examples of Ohio spherical shell model 
calculations in the literature [24, 25] give approximately 12 T — 1 levels below the first 
T =  2 state in SB, which supports this assertion. This then raises the further question of 
why these T =  1 states have not been observed. An analysis of these 12 spherical shell 
model T  =  1 states reveals that they have predominantly a three-body structure [26], which 
in the Young Tableaux representation have the symmetries [/] =  [431] for 11 of the 12 and 
[/] =  [422] for the remaining state. Young Tableaux; ([/] — [apj] or [/] =  [afijp] for example, 
where there can be any number, greater than one, of groups in the square parentheses) are 
diagrammatical representations of permutational symmetries. In the case of the nucleus they 
represent spin-isospin and spatial symmetries, where different groupings (aP'y) indicate the 
possible symmetric and antisymmetric combinations.
If a many-body nuclear system has a state with a particular S, T  (where S is the vector 
sum of the individual nucleon spins) then that state has restricted possible spatial components 
of its wavefunction according to the conjugate of its spin-isospin Young Tableaux. For T — 1
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levels in A — 8 systems, such as those of interest in 8B, the states are restricted to [431], 
[422] or [4211] spatial components. In [24, 25] the T =  1 states have predominantly a [431] 
component, which means that there are three groups: one with four nucleons in a symmetric 
combination that thus appear to be in a relative Is state (whatever single particle orbitals they 
actually occupy), or an alpha particle; one with three nucleons in a symmetric combination 
that thus also appear to be in a relative Is state, or a 3He particle; and one lone nucleon, or the 
spatially separated proton. Calculations in a three-body ([431] in terms of Young Tableaux) 
model exist [27] that reproduce the 2+ ground state and 1+ first excited state energy levels 
in 8Li and 8B, and also the 4+ state in 8Li which subsequently suggests the existence of 
the analog 4+ in 8B. The reproduction of these states by this model further points towards 
the three mass-centre states with [431] symmetry. With three mass-centre symmetry of these 
states they can be expected to decay via three-body break-up to 4IIe+3He+p (conversely, this 
could be expected by the fact that the Young Tableaux [4], [3] and [1] when added together 
according to Group Theory rules can only form [/] =  [431]), and for other experiments to have 
previously observed these states they would have had to have had an appropriate detector 
set-up for such decay kinematics. Also of interest is the possible SB analog of the 8Li state 
that is populated by /3~-decay of 8He and thus has predominantly [422] cluster structure as 
found in sHe. With this symmetry the 8B state would possibly decay via 6Li+p+p break-up 
([42] +  [1] +  [1] has a strong overlap with [422]), as well as via 4He-f3He+p like the other 
expected T — 1 states.
For direct reactions, whether or not a resonance is populated in an experiment depends 
on how strongly its wavefunction overlaps with the wavefunction of the target and/or beam 
used. If the beam, target and centre-of-mass energy combination is not correct for producing 
the spatial overlap required for the particular symmetries of these states, i.e. the leading 
symmetry of the beam/target does not match the dominant components of the SB wavefunc- 
tions, then the states will have a low reaction cross section and thus you would not expect 
to detect the break-up particles of their respective decay channels. In this respect, for com­
pound nucleus reactions the symmetry matching of the beam/target and final state channel 
is unimportant as the ‘memory’ of the initial channel is lost during the process of thermal 
equilibrium.
In the ANU 2002 experiment the expected reaction mechanism is the peripheral transfer 
reaction of two proton pick-up by the 6Li beam from the 12C target. In a few-nucleon transfer 
reaction the probability of the overall transfer is the product of the probabilities of the actual 
nucleon transfer process and of which nucleons are transferred. This total transfer probability 
is dominated by the transfer process probability, which thus favours the two proton transfer
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occurring as a pair and not as two sequential individual transfers, and also means that a two 
proton transfer probability can be comparable to that of a two neutron transfer.
The beam and target combination of 6Li and 12C was chosen, along with the beam energy, 
to preferentially populate the 8B states of interest. The advantage of using 6Li as the projectile 
is essentially due to its two-centre 4He+2H structure, with two picked-up protons added into 
this two-centre structure this reaction is expected to be favourable for the population of 
multi-centre states as is desired here. That is, [42] has a large overlap with [431]. The target 
of 12 G was chosen because it provided a strong spatial overlap for the transfer of two suitable 
protons (there is a 25% prob of [4431] for internal s-p pair transfer [26]).
With a projectile and target combination of 6L i/12C and a beam energy of 60 MeV the 8B 
potential decay channels of 4He+3He+1H and 6Li+1H-h1H, amongst others, are energetically 
allowed. Previous experiments performed by the CHARISSA collaboration have included 
the resolution of 4He and 3He particles, this separation of isotopes was instrumental in the 
proposal of the experiments described in this report to allow the reconstruction of the decay 
channels of interest.
Also of interest are the structures involved in the A = l l  systems n B and n C, and in 
particular the role of ce-clustering. Given that beryllium isotopes are known to have two- 
centre cluster structure and that carbon isotopes have three-centre cluster nature [28], a 
point of interest concerns the nature of multi-centre structures in the isotopes of boron, 
which is situated between beryllium and carbon, that is, are they two-centre or three-centre? 
Thus, the possible cluster structure of 11B is of further interest. The nature of n B and n C 
clustering is discussed further in Section 2.6.
For the ANU 2005 experiment a beam and target combination of 10B and 12C, respectively, 
was chosen to potentially allow the population of various resonant nuclei, including those of 
n B and 11C. The A =  11 nuclides of interest are expected to be populated via one-nucleon 
transfer onto the 10B beam and will be studied via their respective a  break-up channels. It 
is worth noting that the radiative CK-capture reactions leading to 11B and 11C are important 
from an astrophysical standpoint, namely that the n B production reaction is the main source 
of big-bang n B nucleosynthesis and that the n C reaction is the starting point of the hot pp 
chain. Also, with the ANU 2005 beam and target combination 8B states can be populated 
via two-neutron stripping. However, given the differing reaction mechanism these 8B states 
are not expected to be of the same nature as those intended to be studied in the ANU 
2002 experiment, although the same break-up channels are energetically open. Given the 
location of the 6Li+4He, 8Be+d and 9Be+p break-up thresholds in 10B, at 4.461, 6.0267 and 
6.5859 MeV, respectively, the 10B + 12C reaction will also allow the study of inelastic break-up
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of 10B to different decay channels. The 84.5 MeV beam energy utilised in the ANU 2005 
experiment means that the negative Q-values of the various reaction channels of interest is 
not an issue.
Chapter 2
Theory
To perform an experiment looking for and explaining excited energy levels (bound states and 
resonances) in a certain nuclide the complex quantum mechanical many-body system of the 
nucleus has to be modelled in a physically and mathematically coherent manner. There are 
currently two main methods of describing the nucleus, namely the shell model and mean- 
field theories, along with the complementary sub-field of low-mass nuclei modelled in terms 
of nucleon clustering. The excited states in light nuclei can be described as single particle 
shell model states or cluster states and thus this chapter will give a brief introduction to 
the shell model and cluster descriptions of the nucleus, in reference to the T  =  1 states seen 
in 8Li and thus expected in SB, along with a brief section relating these two descriptions. 
Also included is a short discussion of isospin in terms of the nuclides and energy region of 
interest in this experiment, along with an introduction to the issue of three-centre clustering 
in A =  11 nuclides.
2.1 Shell Model
At the beginning of the field of nuclear physics the nucleus, composed of strongly interacting 
neutrons and protons confined to a comparatively very small volume, seemed best described 
by a model based on an analogy with a charged liquid drop - the Liquid-Drop Model - and 
not by an analogy to the very successful atomic shell model. However, experimental evidence 
strongly supported the existence of shell-like structure in the nucleus. This evidence included 
the extra binding (observed in the deviations of the two-neutron and two-proton separation 
energies from the predictions of the semi-empirical mass formula), the change in nuclear 
charge radii and the neutron-capture cross sections at the same values of the number of 
neutrons and protons [29]. These particular values are called magic numbers and represent 
the analogy of filling of major shells in the atomic shell model. These magic numbers (for
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near-stability nuclei) are:
2,8,20,28,50,82,126 (2.1)
It can be seen that one cannot take the atomic shell model and directly apply it to the 
nucleus due to the very different potentials involved. In the atomic case the Coulomb field of 
the nucleus causes the potential, whilst in the nucleus the nucleons move in a self-generated 
potential. In this case a single nucleon’s motion is governed by the potential generated by 
all the other nucleons and in this way the individual nucleons can in turn occupy the energy 
levels of shells or orbits [29]. The precursor to the spherical shell model, the Independent 
Particle Model (IPM), first proposed the assumption that the two-body nucleon-nucleon 
interactions generate a spherical mean field, that is, the short-range nucleon-nucleon repulsion 
in combination with the Pauli Principle leads to nearly independent particle motion [30] (at 
the bottom of a potential well a nucleon-nucleon collision will not transfer enough energy for 
one of the nucleons to reach the valence level and thus the collision cannot occur and the 
nucleons appear transparent to each other).
Figure 2.1: Shell structure obtained using a harmonic (right) and infinite (left) three- 
dimensional well. Spectroscopic notation to the left of each level, possible level occupancy 
to the right and circled numbers indicate the shell closure number of nucleons [29].
Using the basis of the IPM, a model of independent nucleons confined in a spherical 
central potential, the formulation of the spherical shell model can be achieved. This model 
must describe the experimentally observed features at the magic numbers and also explain the
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particular energy levels, in addition to the bulk properties of the nuclear medium accurately 
described by the Liquid Drop Model. To develop the spherical shell model one must have an 
appropriate potential well. Starting with the harmonic oscillator, as in the IPM [30], and the 
infinite spherical well one can see (Fig. 2.1) that although the shell structure is present the 
shell closures are at the wrong N , Z  numbers.
The harmonic oscillator and infinite spherical well potentials could be considered to be 
physically unrealistic due to the infinite separation energies required. A more realistic poten­
tial is one that does not have a sharp edge and closely approximates the nuclear matter and 
charge distribution, also falling to zero beyond the mean radius of the nucleus. A potential 
such as this is the Woods-Saxon potential, which takes the form:
F(r) = l  + e x p [ V ]  (2'2)
where V(r) is the potential well, Vo is the well depth, r is the radial position, R is the 
mean nuclear radius and a is the skin thickness parameter. Fig 2.2 shows the form of the 
Woods-Saxon potential with the typical parameters:
R  — vqA s ; ro ^  1.25fm; Vo — 50MeV; a ~  0.5fm. (2.3)
The major effect, compared to the harmonic oscillator, that the Woods-Saxon poten­
tial has is to remove the I degeneracies of the major shells. However, the magic numbers 
resulting from the Woods-Saxon realistic potential (left of Fig. 2.3) still do not match the ex­
perimentally observed values. It was realised [6, 7] that this discrepancy could be corrected if 
spin-orbit coupling was included in the potential. Although the form of the nuclear spin-orbit 
potential is the same as that of the atomic case, Vso(r)l • s, it is not electromagnetic in origin 
as that is far too weak to produce the substantial level changes necessary, it must instead 
come from the strong force (for which there is evidence from nucleon-nucleon scattering [31]). 
Due to the spin-orbit coupling, the orbital angular momentiun is coupled to the intrinsic 
spin and the total angular momentiun j =  1 +  s labels the states. This additional spin-orbit 
potential causes the j  =  I + 1 levels to be pushed down lower in energy than the original level 
and the j  =  I — \ levels higher in energy, with the energy splitting increasing with increasing 
I. The resulting energy levels and cumulative number of nucleons up to the major subshell 
gaps are shown on the right of Fig. 2.3. With the inclusion of the spin-orbit potential into 
the Woods-Saxon potential well the experimental magic numbers are correctly reproduced.
Thus, the simplistic spherical shell model uses the facts that the nucleus is a quantum- 
mechanical many-body system and that the interaction between the nucleons has a two-body
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Figure 2.2: Realistic Woods-Saxon potential. The quantity 4aIn 3 is the ’skin thickness’, 
the distance over which the potential changes from 0.9Vo to 0.1 Vo. [29].
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Figure 2.3: Effect of spin-orbit splitting on the energy levels in the Woods-Saxon potential. 
Left shows the bare Woods-Saxon potential, right includes the spin-orbit optential. [29].
character in its description of the nuclear system. The energy levels within the spherical shell 
model are then obtained from a solution of the many-body Schrodinger equation. Following 
the Pauli principle, the energy levels of Fig. 2.3 are filled in order, giving the ground state 
spins and parities. Under the assumption that all closed shells and paired nucleons couple 
to 0+ the last unpaired nucleon dictates the properties of the state, i.e. the spin and parity
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of the last odd nucleon determines the spin and parity of the state. This picture gives good 
agreement for the ground states of closed shell and one particle/hole added to the closed 
shell nuclei. The excitations in nuclei are then particle-hole excitations from levels below to 
above the Fermi surface. Limited success with the first few excited states for near closed shell 
nuclei is seen with this simplistic shell model and for nuclei away from the closed shells it is 
markedly less successful. The extreme independent particle nature, the independent motion 
in a self-generated potential well with only the last odd nuclei affecting the system, of this 
simplistic spherical shell model limits it somewhat to closed shells and near-closed shells only.
To improve this situation the first step would be to consider all of the particles in an 
unfilled subshell. For mid-shell nuclei the concept of a core and valence nucleons along with 
a residual interaction is thus needed. If there are A  nucleons in the system then the core is 
typically a closed major shell, with nc nucleons, and the remaining nucleons, nv =  A — nc, 
form the valence nucleons or valence space. It is in the valence space in which the residual 
(or effective) interaction, Vr, mixes only those single-particle levels above the core, in the 
valence space, to form the basis states of the final wavefunctions. When the valence space 
is restricted to those orbitals in the same major shell one speaks of a 0/kJ valence space. 
For the core+valence models and their calculations further mathematical considerations are 
needed, such as a suitable coupling scheme of the proton and neutron wavefunctions (if there 
are unlike valence particles), to construct fully anti-symmetrised basis wave functions. This 
core+valence version of the shell model gives reasonable agreement with experimental results, 
but its effectiveness is somewhat limited after pf-shell nuclei [32]. The choice of the effective 
interaction is very important, but as its study is an area of nuclear physics itself it will not 
be discussed in this very brief introduction to the shell model, except to say that they require 
two and three-body components and the construction of an effective interaction gets harder 
the larger the valence space [30].
Ideally one would like to consider the interactions of all the nucleons in the potential 
well in describing the nucleus, but this can quickly become an intractable proposition due 
to the vast possible space of interactions in large-A systems. In the shell model formalism 
this has been attempted in the no-core model. The no-core shell model attempts to solve the 
nuclear many-body problem for light nuclei using realistic nucleon-nucleon forces and a large 
but finite harmonic oscillator basis. Due to computational limitations the basis is truncated 
and an effective interaction, from the underlying nucleon-nucleon interaction, is derived that 
is appropriate for the basis size used [30]. The shell model can be used to do ab initio 
calculations with realistic potentials and within reach of these calculations is the nucleus 
8B which lies in the region of light nuclei where shell model and multi-centre cluster-lilce
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states can coexist. Also, starting with a physically realistic potential, containing two-body 
and three-body interactions, there are calculations that use Variational Monte Carlo and 
Green’s Function Monte Carlo techniques to evaluate the energy levels of light mass nuclei by 
considering the total effect of all the many individual interactions and configurations [33, 34]. 
The Variational and Green’s Function Monte Carlo method can be a powerful tool in the 
study of nuclear structure, demonstrating the emergence of nuclear shell-model structure, 
and other specific effects like the dominance of particular A =  8 states by certain spatial 
symmetries [33] (as seen in Section 1.2), from a many-body calculation using fundamental 
nucleon-nucleon forces [33, 34].
So far all shell model levels described here have been calculated using the assumption 
that the nuclear potential is spherical. If the nuclide of study is known to be deformed 
then the nuclear potential used should approximate the nuclear shape. In the deformed shell 
model, or Nilsson model, the potential approximates a rotational ellipsoid nuclear shape, and 
is particularly applicable for nuclei in the range 150 < A <  190 and A >  230. In the Nilsson 
model an anisotropic harmonic oscillator is used to describe the deformed nuclear potential, 
modified as in the spherical shell model to include I2 and I • s terms that are required to give 
the experimentally observed magic numbers in the limit of zero deformation.
In calculations with this deformed potential the resulting states are mixtures of different 
I values (only even or only odd I) due to the configuration mixing (a linear combination of 
orbitals with different I and j  that have a common projection of the total angular momentum 
on the z-axis) caused by the I2 and I • s terms and consequently I is no longer a good quantum 
number. Instead, the states are labelled by the projection of the total angular momentum on 
the z-axis, O, and have a degeneracy of 2. Unlike the degenerate 2j  +  1 magnetic substates 
of each j  orbital in the spherical case these orbitals in the deformed potential depend on the 
spatial orientation of the orbital. The lower-0 orbitals are lowered in energy and the higher-0 
raised for prolate deformations and vice versa for oblate deformations. This can be easily 
understood in terms of the maximum overlap with the nuclear matter along the 2-axis. In 
the case of the prolate deformation the lowest-0 orbital will, in a very qualitative description, 
on average be closer to the core and will interact more with the core, subsequently is more 
tightly bound as a result and thus will be lower in energy.
A diagram showing the O-orbitals as a function of deformation for neutrons in a prolate 
deformed potential is included in Fig. 2.4. In the limit of the deformation tending to zero 
the different O-orbitals approach that of the degenerate spherical potential orbitals. As in 
the extreme independent particle spherical shell model the properties of the single-particle 
ground state and excited states are dictated by the last unpaired nucleon, with the others
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Figure 2.4: Energy levels for neutrons in a prolate deformed potential. [29].
coupled to 0+ , by filling the lowest energy orbitals upwards. Unlike the spherical shell model 
in the spherical nuclide region, this ‘last nucleon’ interpretation using the Nilsson model 
wavefunctions is successful in describing the nuclear properties in the deformed shape mass 
regions [29] along with the rotational bands built upon the deformed single-particle states. In 
nuclides where clustering is evident consideration of non-spherical potential wavefunctions in 
terms of the shell model may be essential for the understanding of the experimental energy 
level spectra.
2.2 Cluster Structure
The concept of clustering within nuclei can be said to have started in 1930 with Gamow’s 
[35] model of the nucleus, the proposal of nuclear matter being formed from an aggregate of 
a-partides. As an alternative to the early independent particle model described in Section 2.1 
this naive model was reintroduced and updated in 1937 by Wheeler [36], taking the permanent 
CK-particles in Gamow’s description of nuclear matter and replacing them with temporary a- 
clusters. In Wheeler’s version of this model the constituent neutrons and protons of any
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nucleus are divided into energetically favourable various groups, the a-clusters, that are 
continually being broken and reformed by the rapid interchange of nucleons between the 
temporary clusters. It is this interchange of nucleons that is responsible for the intra-cluster 
bonding. Morinaga [37] in 1956 took this further and applied this picture to nuclei with 
A — 4N  (where N  is the number of two proton and two neutron groups), a very specific 
subset of nuclei with states that could be best described by a clustering picture rather than 
the single-particle picture of the shell model. In these nuclei, states in the experimentally 
observed excitation spectra were assigned by Morinaga to N  a-particle chains. Although 
these a-cluster models could not provide a full description of the nucleus and its structure 
(as with the IPM) they had the advantage of having only a few degrees of freedom. These 
a-particle states were subsequently dealt with in a systematic manner by Ikeda [38] in 1968, 
generalising the possible clustering in A =  4N  nuclei. Ikeda proposed that the possible cluster 
states would be apparent in the energy region around the relevant separation energy for the 
fragments and represented this in an Ikeda diagram.
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Figure 2.5: Ikeda diagram showing cluster structures predicted near the decay threshold 
energy to the appropriate cluster components (energies in MeV), where a filled circle indicates 
an alpha particle.
A typical Ikeda diagram is shown in Fig. 2.5. In this proposal a homogenous ground 
state nucleus is allowed to expand and correlations between nucleons allow the energetically 
favourable temporary a:-clusters to form, with the remaining nucleons forming a core. If
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a-clusters condense from a 41V nucleus then the core is also a 41V nucleus, such that a- 
clusters can continue to condense from the system until Morinaga’s a-chain structures are 
reached. The 7.65 MeV 0^ state in 12C was originally thought to be the linear a-particle
energy of 7.16 MeV, but was subsequently shown not to have a linear chain but a bent chain 
[40]. For 160 , resonances in the reaction 12C(4He,8Be8Be) at energies from EfC =  16 to
the 12C(12C,12C(02 ))12C(02 ) reaction has been found [42].
Using the ideas developed by Wheeler, Morinaga and Ilceda there have been more recent 
Alpha Cluster Models (ACM) proposed, such as the Bloch-Brink ACM [43, 44, 45], as well 
as other clustering models, including the two-centre harmonic oscillator model [46], the local 
potential model [47] and the use of deformed harmonic oscillator potentials [45]. The Bloch- 
Brink ACM, for a given 4N  nucleus, constructs the antisymmetrised a-cluster wavefunction 
from a Slater determinant (a means of forming a correctly antisymmetrised wavefunction 
under exchange of nucleons or groups of nucleons). This Slater determinant is formed from 
the spatial parts of the individual a-particle wavefunctions 4>ai, with each a-particle having 
two neutrons, two protons and their spins and isospins coupled to zero. The final wavefunction 
is then given by:
where is a normalisation constant, A  is the antisymmetrisation operator and is 
the relative coordinate of the ith a-particle. Thus, the Bloch-Brink ACM can be described as
each centre, with an effective two-body nucleon-nucleon interaction acting between clusters, 
where each member of a quartet has the same spatial wavefunction. This spatial wavefunction
where b is the oscillator length parameter. The resulting ground state cluster configura-
the energy of the system is minimized and are taken after parity and angular momentum
chain structure predicted by Ilceda and Morinaga [39], it is just above the break-up threshold
21 MeV have been associated with a rotational band built upon a linear four-a chain [41]. 
Tentative evidence for a six-a chain in 24Mg decaying into two 3-a chain states in 12 C from
N
(2.4)
essentially a multi-centre shell model where a maximum of four nucleons are associated with
of each member is assumed to be that of a Os harmonic oscillator state with its origin at the 
fixed centre of the cluster (which is given relative to the overall nucleus origin by the vector 
Ri). For each single-nucleon the spatial wavefunction is given by:
(2.5)
tions are obtained by varying the positions and widths of the harmonic oscillator wells until
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projections. A selection of predictions of the Bloch-Brink ACM are included in Fig. 2.6a. 
Due to the time consuming nature of the full angular momentum projection the inclusion 
of cranking can be performed [48] by introducing angular momentum terms into Equ. 2.5. 
The resulting cranked wavefunctions can be thought of as energy eigenfunctions in a rotat­
ing frame. Predictions of the cranked Bloch-Brink ACM for states of 24Mg are included in 
Fig. 2.6b.
(a) (b)
Figure 2.6: (a) Predictions of the Bloch-Brink ACM, where the probability density of 
particle positions in each nucleus are related to geometrical arrangements of clusters, (b)
Predictions of the cranked Bloch-Brink ACM for states of 24Mg [49].
Studies of clusters in nuclei can be performed using deformed harmonic oscillator poten­
tials, the basis of the deformed shell model. Starting with the spherical harmonic oscillator 
and deforming the potential causes the degeneracy which is present at zero deformation to 
be lost. However, at certain deformations a high degree of degeneracy returns. This effect 
can be seen in Fig. 2.7 (for prolate deformation), where the ratios included at the bottom 
of the figure describe the deformation in terms of uj± and u>2, the oscillator frequencies cor­
responding to oscillations perpendicular and parallel to the deformation axis. At ratios of 
2:1 (superdeformed) and 3:1 (hyperdeformed) new magic numbers appear and it could be 
expected that certain nuclei gain stability from these regions of additional shell structure by 
deforming. Indeed, the nuclei 8Be and 20Ne can be associated with the shell gaps at 4 and 
10 at a deformation of 2:1. The shell gaps at deformations of 2:1 and 3:1 can be expressed as 
combinations of two and three spherical magic numbers respectively. It was thus suggested 
that clustering might be an important structural feature at these shell gaps, which along with 
the number of times the spherical magic numbers are repeated at each deformation points
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Figure 2.7: Deformed harmonic oscillator energy levels as a function of quadrupole defor­
mation, where and uz are the oscillator frequencies perpendicular and parallel to the 
deformation axis respectively, and ljq is the spherical oscillator frequency. Numbers between 
levels indicate the degeneracies at certain deformations [48].
towards the interpretation of the deformed harmonic oscillator as a series of overlapping 
potentials with spherical harmonic oscillator shell structure [50].
Perhaps the simplest cluster models are local potential models, which use a binary cluster 
model [47] and an effective local potential. In its most basic form the local potential model 
assumes that a cluster and core stay in their respective spin-0 ground states and retain 
their free space properties, interacting through some effective local potential. This simple 
model has had good success for, amongst other properties, ground state rotational band 
energies and root-mean-square charge radii in many nuclei, including 20Ne as 160 -4He and 
44Ti as 40Ca-4He (shown in Fig. 2.8 is a comparison between experimental levels and cluster 
model calculations) [51]. Local potential models can be made more complicated by the 
inclusion of non-zero ground state spins, possibly with spin-dependent forces, and cluster- 
core excitations [48]. Rotational bands built upon 160 -4He structure excited states in 20Ne 
have been observed, giving good agreement with cluster models such as the local potential 
model [52, 51]. The characteristic positive and negative parity ground state rotational bands 
required for an a-40Ca cluster structure in 44Ti have been observed [53, 54].
A natural extension of Ikeda’s hypothesis is the idea of large clusters in heavier nuclei. If
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Figure 2.8: Experimental energy scheme and local potential model calculations for 20Ne 
(top) and 44Ti (bottom). Showing the K7r=0+ and K7r=0_ bands [51].
three or more a-particles come into contact with each other they might become 12CffS (or 16O, 
etc) nuclei, allowing the possibility of large clusters such as 12C and 160  in heavier AN nuclei 
like 24Mg and 28Si. These sorts of cluster configurations have been studied in Bloch-Brink 
ACM calculations, as can be seen seen in some of the cluster states included in Fig. 2.6 (b) 
[49]. Experimental evidence for these heavy cluster systems has been observed in heavy-ion 
scattering and more recently break-up reaction studies. Resonances attributed to cluster 
structures has been observed in 24Mg-24Mg scattering [55] and 28Si-28Si scattering [56, 57], 
for the nuclei 48Cr and o6Ni respectively. Evidence for cluster structure resonances found in 
break-up reaction studies (studied using the RPS technique described in Chapter 4) include 
24Mg break-up into 12C + 12C from the 24Mg(a,Q;')12C12C [58] and 12C(24Mg,12C12C)12C [58, 
59] reactions.
Taking the a-cluster picture and applying it to neutron rich isotopic chains of light nuclei, 
such as Be and C, raises the idea of molecular states, and ‘neutron bonds’ characteristic of 
atomic covalent bonds, in the nuclear system. With the addition of one or two neutrons to 
an a-a  core molecular states are known to be formed in 9Be and 10Be [60], where the valence
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neutrons are shared between the two a-clusters and thus form bonds analogous to the a and 
7r bonds found in atomic physics. This covalent bonding of a-clusters in molecular states 
was predicted to continue for neutron-rich isotopes of Be, B and C [61, 62], Experimental 
evidence for these neutron-bonded molecular states has been found for: 6He+6He break-up 
of 12Be [63], where a rotational sequence consistent with two touching 6He was found; one 
neutron removal from n Be populating the known molecular states in 10Be [64]; and suggested 
by the results obtained for a + 5He, a + 6He, a-+9Be and oH-10Be break-up of 9Be, 10Be, 13C 
and 14C respectively [65].
Although not a cluster model in the sense that the existence of the cluster centres is 
not assumed a priori, the method of Antisymmetrised Molecular Dynamics (AMD) will be 
mentioned here due it naturally giving rise to cluster-like structures [66, 62, 67]. AMD is a 
microscopic model which starts from the nucleon-nucleon interaction and has no assumptions 
about the existence of clustering. Used to study light nuclei, AMD has proved to be a powerful 
theoretical construct in the study of the ground states and excited states [66, 67], with both 
shell-model-like and clustering aspects appearing. In a very over-simplified description, AMD 
writes the system wavefunction as a linear combination of AMD wavefunctions, which are 
constructed from Slater determinants of Gaussian wave packets (including intrinsic spin and 
isospin functions along with the spatial wavefunction). After parity projection the Slater 
determinant eigenstate is subjected to a variational method that looks for minimum energy 
configurations by localising the positions of the nucleons. After parity, spin and angular 
momentum projections the energy levels, ground and excited states, and their properties can 
be found. This method can also be used to obtain excited states in unstable nuclei [66], 
allowing clustering to be examined towards the drip-lines. Thus, the technique has also been 
used to study the evolution of clustering in isotopic chains, showing the change in degree 
of clustering with increasing excitation energy [62, 67]. A specific case is the evolution of 
clustering in B isotopes [62], from n B to 19B. Whilst reproducing the experimental data, 
such as radii and magnetic dipole moments, the AMD calculations show ai-t-a clustering for 
n B, shell-model-like structure predominant in 13B, cluster structures similar to n Li-a in 15B, 
11Li-6He in 17B and n Li-sHe in 19B. The B isotopes thus show a large change in clustering 
with increasing neutron number and the disappearance of clustering in 13B is attributed by 
the authors to neutron shell effects. This example shows that AMD can produce weakly bound 
exotic clusters like 11Li and 8He, as opposed to the very tightly bound a clusters predominant 
in other cluster models. The AMD method has also provided evidence for nuclear molecules 
and particularly the neutron densities analogous to covalent bonds mentioned earlier. Results 
from [66] are shown in Fig. 2.9, where many excited levels are reproduced and the density
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distributions of the states exhibit molecular clustering (Fig. 2.9a), with the valence neutron 
densities approximating a and 7r bonds (Fig. 2.9b). These results in the AMD framework 
show that clustering and shell model descriptions are needed to understand the structure of 
light nuclei.
(a) (b)
Figure 2.9: (a) Experimental and AMD calculated 10Be excitation spectra, including pro­
ton (left of inserts) and neutron (right) density distributions of intrinsic states, (b) Top:
The density distributions of the 0+ state (left) and O2 state (right) valence neutron orbits. 
Bottom: Analogous atomic covalent bonds [66].
2.3 3-Centre Cluster Structure
As can be seen in the Ikeda diagram (Fig. 2.5) possible multi-cluster configurations have 
been suggested to exist. Included in these multi-cluster configurations are three-body cluster 
states, from a-conjugate nuclei states like the three-a bent chain state in 12C, to molecular 
states in light neutron-rich nuclei like 10Be. Halo nuclei, particularly if the core is excited, 
and Borromean systems, with two nucleons in the halo (for example 6He(gs), as discussed 
in [68]), can be included amongst these three-body cluster states. So far the focus of the 
attention in this report has been a and a-conjugate cluster based structures. With the 
inclusion of non-a clusters, such as a-particles with either one extra nucleon or one nucleon 
missing, more exotic cluster structures are possible. Evidence of three-centre cluster states, 
including 3He and 3H clusters, have been observed by Soic et al. in n B (ct-3H-a) and 11C (a- 
3He-a) by selection of the decay processes indicative of possible three-centre states [69, 70].
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Consideration of three-centre asymmetric cluster states with non-a-particle clusters brings 
one to the nucleus SB and 4He+3He+1H structure states. The SB ground state has been 
shown to be a 7Be core with a loosely bound proton, with the ground state wavefunction 
containing a non-negligible 7Be excited component [15]. Along with the a-like clustering ideas 
introduced in this chapter this suggests the possibility of 4He+3He clustering in the 7Be core 
and so subsequently 4He-h3He+1H three-body clustering in 8B excited states. Such three- 
body clustering in 8B has been modelled with calculations based on a Microscopic Cluster 
Model (MCM). MCMs attempt to model the nucleus and its structure in a fully microscopic 
way, treating the effects of all the nucleons in the system in two or more clusters [48]. In its 
simplest two cluster form the MCM allows the wavefunction of an A-particle system to be 
written as having two mass-centres containing A\ and A2 nucleons (where A =  A\ +  A2). In 
this situation the A-particle nucleus wavefunction is given by:
^  (r l 51'2) • • • > *a ) =  F  (Rem) A  {0 i (Ci) 02 (£2) fl'CR)} (2-6)
where F  (R cm) describes the motion of the centre of mass of the nucleus, 0* represent 
antisymmetrised internal states of the two clusters, £* describe the internal coordinates of 
the 0i, #(R) is a function representing the relative motion of the two clusters and A  is 
the antisymmetrisation operator. With use of an appropriate many-body Hamiltonian this 
wavefunction is varied until the ground state energy is minimised. In terms of computational 
time the cluster wavefunctions are best described by Slater determinants. Even with the 
use of Slater determinants the method is restricted to light nuclei by the currently available 
computational power [48]. Extension of this simple case can be easily achieved within the 
MCM by inclusion of higher states of the clusters and division of the two clusters into sub- 
clusters, thus giving excited three (or more)-centre cluster states. This method is considered 
useful because, amongst other reasons, it takes into account the antisymmetrisation of all the 
nucleons in the system and when the constituent clusters are separated by a large distance 
they can be associated with real nuclei fragments, which could allow the further application 
of this structure theory to nuclear collision theories. In terms of 8B the MCM formalism 
has frequently been used to study the astrophysically important radiative capture reaction 
7Be(p,7 )8B at low energies [71, 72]. Also studied, by obtaining proton, neutron and matter 
radii and magnetic moments using MCM calculations, has been the issue of the proton halo 
in 8B [73, 74]. Low lying resonances in SB, in addition to those experimentally observed, have 
also been predicted by MCM calculations [75].
For those wishing for a more in depth description of the large field of clustering in nuclei, 
partially introduced in this report, the reader is referred to the review papers [48, 28, 58, 76]
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and the references contained therein.
2.4 Shell Model and Cluster Coexistence
As a light mass nuclide 8B is expected to exhibit shell model and multi-centre cluster-type 
states coexisting in the same region. Although superficially conceptually different the mathe­
matical construct of cluster groups can be related to that of the shell model by consideration 
of the relative motion of few valence nucleons outside of a core and this section puts forth a 
brief very qualitative description of this idea. Perhaps the simplest example of such an idea
is the two alpha particle cluster structure of 8Be. In the simple shell model picture the Is i
2
subshell is full and the lps orbital half full, as shown in the very simplified potential well
2
diagram in Fig. 2.10.
Figure 2.10: Simplified schematic diagram of the level filling in sBe highlighting (the dashed 
box) the relative motion of the four valence nucleons. Protons are indicated by filled circles, 
neutrons by open circles.
The four valence nucleons (two protons and two neutrons) in the Ip 3 orbitals can group
2
together and have a low relative motion, and do so to such an extent that they appear to be 
in a relative Is state. Thus, the four valence nucleons behave like an alpha cluster orbiting 
outside of the closed ls i  subshell, with the large binding energy of the alpha cluster making 
this situation preferable to any particular coupling of the four individual nucleons and giving 
rise to the two alpha particle cluster structure of 8Be. Indeed, the binding energy gained by 
the system adopting the two cluster structure is so great that sBe is actually unbound (by 
91.84 keV) to two alpha particle decay. Thus, from the shell model formalism a very definite 
two-centre cluster structure has been obtained. Another way of thinking about the nuclide 
8Be is via the Young Tableaux representation introduced in Section 1.2. For an A =  8 system 
with T — S — 0 the group symmetry is forced to be only [/] — [44], irrespective of the actual
2.5. Isospin Analogue States 24
single-particle orbitals that are being filled, leading to two A =  4 symmetric clusters for 
the 8Be 0+ ;0 ground state. Also, consideration of the wavefunction density built up from a 
superposition of deformed harmonic oscillator shell model states (as described in Section 2.2), 
leads to this view of two distinct mass-centres in sBe [46]. Another example is that of 20Ne. 
The 20Ne ground state has a definite 160 + 4He structure, with the excited state positive and 
negative parity rotational bands built upon it given by the rotation of the 4He cluster about 
the 160  core [51]. The first sixteen nucleons naturally form the doubly-magic closed shell 
spherical core of 160  with the four valence nucleons outside. Thus, the wavefunction of the 
state, ip, can be loosely represented as:
ip =  Aipifaipaip*
(2.7)
— \'iPcluster--core'tPreliXi A 3, 4)]
So, with the four valence nucleons in a relative Is state (coupled to 0+ ) the shell model 
description of 20Ne can be represented as a 16O core and a separate 4He cluster, with the rota­
tion of the alpha cluster about the core giving the spin and parity of the excited states. Using 
a similar argument SB can exhibit the single-particle states prescribed by the shell model and 
cluster-type multi-centre states seen in AMD and MCM calculations such as a proton halo 
7Be+1H and three-centre 4He+3He+1H structure. For a very thorough examination of the 
link between the shell model and clustering, particularly the precise correspondence between 
the highly deformed shell model ‘magic’ nuclei and the cluster models, the reader is directed 
towards the review paper by Freer et al. [46].
2.5 Isospin Analogue States
The ideas of charge independence and charge symmetry of the strong nuclear force can be 
formalised by the concept of the Isospin quantum number T. In this formalism the neutron 
and proton can be considered as different states of the same fermion - the nucleon - where 
the neutrons and protons can be thought of as spin ’up’ and spin ’down’ respectively. Isospin 
is an important consideration in any nuclear physics analysis, states of different isospin have 
structural differences in orbit occupancies or spin couplings [77], and so must be considered
here. The projection of the isospin vector T  along the imaginary isospin z-axis is Tz. Each
nucleon has T  =  1/2 and Tz is +1/2  for neutrons and —1/2 for protons. In multi-nucleon
systems {A nucleons) T  adds vectorially and Tz adds algebraically:
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T, =  Tzi =  -  (N  
“  ( 2-8) 
T = E T‘
i=l
Consideration of the two-nucleon system can help illustrate the basic properties of isospin 
and its effect on wavefunction structure: namely spin coupling and orbital occupation. The 
two-nucleon system can be either n — n, p — p or n — p (with these systems schematically 
illustrated in Fig. 2.11).
n-n n-p p-p
1r
l
S = 0, T = 1
S = 1,T = 0
T7=+ l  T, =0  x = - i
Figure 2.11: Two-nucleon system level occupation and spin directions, with protons indi­
cated by filled circles and neutrons by open circles. Total spin, isospin projection and total 
isospin values for the three systems are included.
For these systems the isospin projections are:
n — n Tz =  -j-— +  — =  +1
p - p  T* =  - \ - \  =  (2-9)
n - p  T  0
T can never be less than its projection and those projections must follow Tz =  T ,T  — 
1 ,0 ,. . . ,  —T, so for the n — n and p — p systems with Tz =  ±  I T  must be 1. However, for the 
n —p system T can be either 0 or 1. The n — n and p —p systems are unbound and T =  1, and 
as the deuteron only has one bound state the n — p system (Tz =  0, T =  1) state must also 
be unbound (from charge independence), forming an isospin triplet with the other two T =  1 
states. Pauli blocking dictates that the n — n and p — p systems must have spins anti-parallel 
and therefore so must the n — p system (Tz =  0, T =  1) state, with all three states having the 
same energy (with Coulomb effects subtracted) due to their identical nature. The n —p system 
can also have parallel spins due to the Pauli exclusion principle allowing this arrangement,
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opening up a lower energy state, the bound deuteron, which is the other possible Tz =  0 
state and has T =  0 (forming a singlet as there is only one physical system with Tz =  0 that 
can have parallel spins). Thus, in the case of deuteron isospin distinguishes different physical 
wavefunctions, with different intrinsic spin couplings and subsequently different energies.
As well as affecting intrinsic spin couplings isospin also influences orbital occupancy. 
Consider the 12B-12C-12N isospin (isobaric) multiplet to show effect of isospin on this aspect 
of nuclear structure. If we take 10B as a starting point (shown in Fig. 2.12a), to reach the 
three nuclides mentioned above either n — n, n — p or p — p needs to be added, respectively.
P I------1 I------1 p1/2 I * I 1 1/2 o k
Lj+ L2-  0
S1+ S2= 1
(a) (b)
Figure 2.12: Schematic representation of the addition of p — p to 10B (a) to form 12N 
(b). The filled boxes represent filled orbitals or pairs of magnetic substat.es, open boxes the 
available sites and open/closed circles the unpaired neutrons/protons.
In the case of the addition of n — n or p — p to form 12B and 12N (with Tz =  ± 1) the extra
nucleons are forced into occupying both the lp 3 and lpi single particle orbitals (the p — p
2 2
case is shown in Fig. 2.12b). With the resulting two valence particles in magnetic substates 
orbiting in different directions the total angular momentum L equals 0 and the intrinsic spins 
are allowed to be parallel or anti-parallel, with the parallel case (S — 1) being the most 
energetically favourable. This gives a 1+ ground state for 12B and 12N with those Tz =  ±1 
states being two members of a T =  1 triplet (both nuclides will have a 0+ excited state 
corresponding to the anti-parallel spin coupling case). When n — p is added (giving Tz — 0 
12C) the wavefunction structure corresponding to the Tz — 0 member of the T =  1 triplet is 
possible, but the system with other states is possible. Going from Tz =  ±1 to Tz =  0 opens 
up the lower energy single particle levels previously Pauli blocked (namely both nucleons in 
the lp 3 orbital, with spins anti-parallel), thus allowing the lower energy (Tz =  0, T =  0) 
isospin singlet state, the 0+ 12 C ground state. These arrangements of intrinsic spin and level 
occupation is shown in Fig. 2.13.
In Fig. 2.13 the T =  1 12C excited state is shown to have the neutrons with the par-
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Figure 2.13: Mass 12 isobanc triplet with level occupation and spin coupling, with protons 
indicated by filled circles and neutrons by open circles. Isospin projection and total isospin 
values for the three systems are included.
seen from Fig. 2.12b and Fig. 2.13 different combinations of isospin and spin restricts the 
wavefunction structure. Looking at the examples of the two-nucleon systems and the mass 
12 isobaric nuclides shows that different isospins distinguish different physical wavefunctions. 
The isospin multiplets seen in this section raise the issue of analogue states. These isospin 
multiplet states are called isobaric analogue states because, neglecting Coulomb differences, 
their wavefunctions are analogous, differing only in the interchange of a proton and a neutron. 
The isobaric analogue states for the 12B-12C-12N isobaric multiplet can be seen, linked by the 
dashed lines, in Fig. 2.14 [78]. If two out of three isobaric nuclides have states in a particular 
energy region of certain isospin then the remaining nuclide must also exhibit these states as 
dictated by isospin symmetry.
2.6 Mass A = l l  cluster structure
It is well known that the nuclide 8Be has a well developed two-centre 2a  cluster structure, 
with additional neutrons added to this structure forming molecular orbitals characteristic 
of atomic covalent bonds [60], as introduced in Section 2.2. An extension of this idea is the 
covalent bonding of 2n+p  and 2p+ n  in these 8Be molecular orbitals, raising the issue of 2a+t 
and 2a +  3lie three-centre cluster structures in n B and 11C, respectively. These a-cluster 
structures are preferentially selected in the a-decay channels. A comprehensive previous work 
by Soic et al. [79] on A = l l  three-centre cluster structure examined the evidence for such
allel unpaired nucleons, whereas in reality it can be either the protons or the neutrons in 
this situation and the so the 12C 1+ ;1 state is a superposition of both cases. As can be
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Figure 2.14: Mass 12 a.m.u. isobar diagram, with isobaric analogue states linked by dashed 
lines [78].
'2a + t and 2a +  3He states, populated in the 160 ( 9Be,n C)14C and 'Li(9Be,n B)°He reactions, 
that were observed to decay via the 'L i+a  and 7Be+ct channels. Various excited states in 
both UB and n C were found, which, given the inherent ct + t(3He) structure of 7Li(7Be) and 
observed break-up channel, were suggested to have three-centre cluster structure.
As could be expected for two mirror nuclei, the nuclides n B and 11C exhibit very similar 
excitation energy spectra at low energies. The lower excitation energy states in n B and n C 
from the A = ll  compilation [78], below 8 MeV, are shown in Fig. 2.15. The expected similarity
7_ iis immediately striking, with the only notable difference being the inversion of the  ^ and ^
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Figure 2.15: Low-lying states in UB and n C below 8 MeV, taken from the appropriate 
compilation [78]. The two level schemes have been aligned according to the ground states.
The nuclides become unbound to a-decay at 8.664 and 7.543 MeV, respectively.
levels. In the most simple picture of the shell model the mass difference between the n B and 
11C ground states can be considered to be due to the 10B-p Coulomb energy, as in this picture 
the two nuclei can be considered as 10B core plus a neutron and proton, respectively. The 10B- 
p Coulomb energy is Z\Z2e2/Attcqt =  2.673 MeV, where r — 1.25 x 105 fm. This compares 
with the mass difference energy of 1.983 MeV. Following the principle first noted by Ikeda 
[38] the cluster structures can be predicted to start near the respective a break-up thresholds. 
Given the deformed nature of the cluster structures of interest, it could be expected that the 
energy with which the cluster states exceed the relevant a  separation energies deviates from 
this simple shell model estimate of the 11B-11C ground state energy difference.
In the 2005 ANU experiment the choice of a 10B beam and likely one-nucleon transfer 
reaction mechanism allows the potential population of such a +  a +  t(3He) three-centre con­
figuration states in n B(n C). The authors of [79] concluded that T  =  § +  \ isospin mixing 
and rotational bands built upon deformed configurations were possible explanations for the 
potential three-centre cluster states observed. Based on the 2005 ANU experiment, the cur­
rent work allows the cv-decaying excitation energy spectra of n B and 11C to be explored and, 
furthermore, the resulting measurements compared to those of [79] and other experimental 
work in order to study such concepts as isospin mixing and rotational bands.
Potentially furthering the understanding of cluster structures in these A = l l  nuclei is 
of inherent interest. Further to this, however, more certain knowledge of the n B and n C 
structure could help the understanding of the evolution of clustering towards the neutron 
drip-line in neutron-rich nuclides of this region, for example the evolution of clustering in
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boron isotopes [62]. Given that the most stable three-cluster structure in boron isotopes is 
the a +  a +  t n B configuration, additional neutrons added to a n B core thus raises the issue 
of more exotic sub-clusters [62]. Addition of a neutron to the possible three-centre structure 
of 11C forms the 3a: 12C cluster structure, with this three-centre 12C core potentially the 
basis for molecular configurations in neutron-rich carbon isotopes involving valence neutrons 
in molecular orbitals [80].
Chapter 3
Experimental Details
The experiments described herein were performed to study the reactions resulting from the 
12C + GLi (April 2002) and 12C + 10B (April 2005) entrance channels, in the interest of analyzing 
T — 1 excited states in 8B and other resonant nuclei, including amongst others, the A  =  11 
systems n B and n C. The nuclide 8B is only bound to proton decay by 137.5 keV and 7Be 
requires 1.5866 MeV to be broken into 4He +  3He, so the SB states of interest can break­
up into 4He +  3He +  1H. The widths of the 8B and 7Be states give the related lifetimes, 
«  5.5 x 10~6 f s  for the 60keV wide 10.619 MeV 0+ 8B state and «  1.9 x 10_6 / s  for the 
175 keV wide 4.57 MeV | 7Be state [9], which with the velocity of the two particles (here 
taken to be approximately the same as the beam velocity of the 12C +6Li experiment, «  14% 
of c) give an estimate of the distance travelled before break-up into the three particles of 
interest, «  320 fm  total for the two sequential states mentioned. This is considerably less 
than the distance from the target to the detectors used in this experiment, much less than 
the target thickness (~  0.4 jam) even, meaning that the 8B resonant states will break-up well 
before reaching the detectors. Thus, the detectors had to be optimised for only the break­
up particles needed to reconstruct the nuclides of interest. Reconstruction of the resonant 
nuclides of interest was performed by the method known as Resonant Particle Spectroscopy 
(RPS). This method is summarised in the Analysis chapter (Chapter 4), whilst the details of 
the experiments under investigation in this thesis are summarised in this chapter.
3.1 Experimental Apparatus
The 6Li and 10B beams required were provided by the 14 MV TJD pelletron tandem Van 
de Graaff accelerator at the Australian National University (ANU) in Canberra. Once a 
stable beam was achieved it was impinged upon a 12C target located in the Multi Element 
Gas Hybrid Array (MEGHA) chamber, which is a permanent fixture at ANU. The break-up
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particles of interest were detected in arrays of detector telescopes made up of two silicon 
stages and one Csl, allowing energy loss and total energy measurements to be made. From 
these detector telescopes, along with the associated electronics, the energies and positions 
required by RPS were obtained. Also required were other beam/target combinations for the 
purpose of calibrating the detector telescopes.
3.1.1 Accelerator
The ANU 14 MV UD pelletron tandem Van de Graaff accelerator is housed at the Department 
of Nuclear Physics tower and has been described extensively in the literature [81, 82, 83], 
so only a brief description of the ANU facility is given in this subsection. A basic pelletron 
tandem Van de Graaff accelerator consists of, mainly, an ion source, a pressure vessel with the 
high voltage terminal and the charging chains, and necessary beam steering apparatus [83]. 
This set-up is shown in Fig. 3.1 which schematically lays out the ANU 14UD accelerator.
Figure 3.1: Schematic layout of the 14UD tandem Van de Graaff accelerator [81].
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The pressure vessel contains the vacuum beam tube and central voltage terminal. Inside 
the pressure vessel is a large volume of insulating gas, Sulphur Hexafluoride, SF6- Highly 
insulating gas is essential for reducing the chance of the tank sparking due to the extremely 
large potential difference on the central terminal. The high voltage central terminal, elec­
trically insulated from the tank, is supported by the insulating column. Running through 
the centre of the column is the acceleration tube. Both the column and tube are modular, 
with three 8 inch tube modules used in each standard 1MV column module. The modular 
nature of the column and tube, with their ceramic insulators, titanium metal electrodes, an­
nular spark gap protectors and gradient link resistors, provide a constant and stable voltage 
gradient along the length of the acceleration tube.
The term pelletron in the title of the accelerator system refers to the method of charging 
the central terminal. Pelletron tandem Van de Graaff accelerators use charging chains instead 
of the old-fashioned belts. The chains are made up of alternating mild steel cylinders and 
nylon insulating links, which provides more even and efficient charging [82] than belts and 
subsequently a more stable central terminal potential. The pelletron chains carry the positive 
charge up to the central terminal, thus providing the high voltage necessary for acceleration 
of ions.
Figure 3.2: Schematic drawing of a SNICS ion source [84],
For a tandem Van de Graaff accelerator negative ions are required. The ion source used 
at ANU during the experiments being described in this chapter was a NEC Multi-Sample 
SNICS (Source of Negative Ions by Caesium Sputtering). The basic principles of operation of 
a SNICS source is highlighted by the features labelled in Fig. 3.2, although they need not be in 
the same arrangement schematically shown. Caesium atoms come from the oven as a vapour 
into the area between the cooled cathode and the heated ioniser. The vapour both condenses 
on the cathode to form a Caesium layer and is ionised by the hot surface of the ioniser. Ionised
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Caesium are accelerated through the focus element towards the cathode. When the positive 
Caesium ions impact on the cathode they sputter particles from the cathode, which have to 
pass through the condensed Caesium layer. Different cathode materials will preferentially 
sputter negative, neutral or positive particles. Neutral and positive particles will pick up 
electrons as they pass through the condensed Caesium layer to form negative ions, whilst 
the negative particles are unaffected. The cathode material negative ions are removed via 
the extractor to provide the negative ion beam required. A multi-sample SNICS is one that 
has many different cathodes on a wheel that can be rotated to allow rapid cathode change 
without needing to pump up and exposing the cathode to air.
After exiting the ion source, the ions enter the inflection magnet, which is a 90° magnet 
that deflects the ions into the acceleration tube. The inflection magnet also provides mass 
and charge selection as only ions of the correct Afq  ratio are deflected the required 90° to 
enter into the low energy (LE) end of the tank. Negative ions entering the LE end of the 
tank are accelerated towards the positive central terminal with an energy of E =  e [Vt +  V*], 
where e is the electronic charge, Vt is the terminal voltage and Vi is the injection voltage. 
The accelerated ions then pass through a carbon stripper foil (the ANU tandem can operate 
in a gas stripper mode). After electron stripping, the ions are positively charged and can 
be in a variety of different charge states. As the ions are now positively charged they are 
accelerated away from the positive central terminal to a final energy of E  =  e [(1 +  q)Vt +  Vi\ 
where q is the stripped ion charge state. After exiting the high energy (HE) tank end the ions 
pass through a rotatable switching magnet which can provide beam to different areas of the 
accelerator facility. The switching magnet also provides energy selection as only the correct 
energy ions of interest are deflected around the magnet, with the selection energy being 
monitored by an NMR probe. After this the beam passes through various beam steering and 
focussing apparatus, including quadrupole magnets and beam steerers, before entering into 
the MEGHA chamber.
Control of the terminal voltage is achieved by the use of corona needles and analysing 
slits or the generating voltmeter (GVM). Current bleeds off from the terminal via the column 
resistors and by corona discharge to the corona needles. For a given position of the needles the 
corona discharge current is proportional to the terminal voltage. Within the corona needles 
assembly is a variable resistor which can be adjusted to decrease or increase the current 
discharged from the terminal, enabling a constant terminal voltage to be maintained. A 
stabiliser circuit provides the signal to adjust the variable resistor, and is controlled in one of 
two ways. At the exit of the selection magnet is a pair of analysing slits, with one slit either 
side of the beam. When the selection magnet is correctly set the beam of desired energy will
3.1. Experimental Apparatus 35
pass symmetrically between the slits, with a small amount of the outer fringes of the beam 
envelope being intercepted by the slits and thus depositing equal amounts of charge on the 
two slits. If the terminal voltage drifts one of the slits will receive more deposited charge 
than the other. This difference in charge is used to control the stabiliser circuit, until the 
terminal voltage is back to a value such that the slits receive equal charge again. The second 
method to control the stabiliser circuit is to use the GVM. Mounted on the tank wall directly 
opposite the terminal, the GVM measures the terminal voltage. This measured voltage is 
compared to a reference voltage set by the experimenter and the difference between the two 
provides the signal to the stabiliser circuit.
3.1.2 Scattering Chamber
The MEGHA vacuum chamber was purpose built for the CHARISSA collaboration. Its 
intended use was for gas-hybrid telescopes, as the name suggests, but it is currently being 
used for Si-Si-Csl telescope arrays. The target ladder is situated 215 mm upstream from the 
empty MEGHA modules that the telescope array backplate fixes onto. Five targets can be 
accommodated on the ladder, with the different targets being selected using an automated 
target moving mechanism. Also in the chamber, 535 mm upstream, is an alpha-source ladder 
and shielding tube. The alpha-source is attached to the bottom of a target ladder frame, which 
when the alpha-source mechanism is retracted is free to illuminate the detector telescopes, 
and when lowered is inserted into the shielding tube (the beam can pass through the void in 
the target ladder frame without scattering). This allows an alpha-source to be in the chamber 
for the calibration runs and for the reaction runs, without the need for the time-consuming 
process of pumping up and pumping down to remove or install a fixed alpha-source.
On one of the 280 mm diameter side flanges are the 42-pin Amphenol feedthroughs for the 
Silicon detectors (described in Section 3.1.4). At the entrance to the chamber is a 2 mm diam­
eter collimator and a 4 mm diameter anti-scatter tube. The anti-scatter tube is 401mm and 
the collimator 526 mm upstream from the target ladder. Unscattered beam leaves the cham­
ber through a hole in the array backplate and the beam tube in the empty central MEGHA 
module. The unscattered beam is stopped in a shielded beam dump located 2 m behind the 
vacuum chamber and the beam current is measured using an electrically suppressed Faraday 
cup situated in the beam dump. Access to the chamber is provided by splitting the chamber 
and sliding the rear section of the chamber on precision rails towards the beam dump. By 
removal of part of the beam tube and use of an optical telescope the detector array and beam 
line are aligned.
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3.1.3 Detector Arrays
The detector telescopes used in the two experiments described in this chapter consist of three 
detector stages. The first stage is an energy loss, A E, silicon semiconductor detector which 
is ~  70pm thick. Second is a dual purpose A E  or energy, E, silicon semiconductor detector 
500/am thick. This second stage can either fully stop or transmit the incident particles, thus 
acting as an E or A E  detector respectively. Thirdly is an E  caesium iodide (Csl) scintillator 
detector 1 cm thick. All three stages have an active area of 50 x 50mm. A simplistic diagram 
of a detector telescope used in the 2002 ANU experiment is shown in Fig. 3.3a. In the 
2002 ANU experiment each of the first two stages of the detector telescopes are divided into 
different sections as shown in Fig. 3.3b. These divisions (fabricated lithographically) form 
equal quadrants, 25x25 mm, on the A E  detector and 16 equal strips, each 3 mm wide, on 
the A E\E detector. Adding these divisions means that the different sections are electrically 
separate from each other, essentially acting as different detectors. As well as reducing pileup 
this allows position and scattering angle measurements of the incident particles to be made, 
as described briefly below.
(a)
AE AE or E E
Quadrant AE detector PSSSD AE or E detector Csl E detector
Figure 3.3: Detector telescope arrangement used in the 2002 ANU experiment, (a) Three 
stages of the detector telescopes (side view), (b) Divisions on individual detectors (front 
view).
Each quadrant of the first stage gives an individual energy loss measurement, AE. The
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second stage silicon detector is known as a Position Sensitive Silicon Strip Detector (PSSSD). 
Prom the 16 strips of the PSSSD one can obtain energy and position, and consequently 
scattering angle, measurements. Each end of the PSSSD strips gives a signal, H and L, defined 
to be the high and low angle ends of the strips, respectively. The sum of the amplitudes of 
the H and L signals will be dependent on the energy deposited in the strip by the incident 
particle, E, such that E  oc H  +  L. A measurement of the position, P, the particle has hit 
the strip is given by the difference between the H and L signals, P  oc (H  — L) /  (H  +  L). 
This position is measured along the direction of the strip, whereas the position perpendicular 
to the strip direction is given by the strip number, with the particle being assumed to hit 
at the centre of the strip, that is, every 3 mm. From the known detector array geometry, 
described below, and this position measurement the scattering angle of the incident particle 
can be calculated. Thus, two values, E and 9, required for kinematic reconstruction by RPS 
are obtained.
(a)
Beam
Figure 3.4: Detector telescope array arrangement of the 2002 ANU experiment, (a) Top 
view of the array showing four in-plane telescopes (46°,17°,-17°,-46°) and two out-of-plane 
(28°,-28°). (b) View, looking downstream, of the six telescopes showing the outer two without 
the quadrant AE stage.
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The energy lost in the quadrant detector and the energy deposited in the PSSSD are 
directly related to the energy of the incident particle and, importantly, also the particle 
species. It can be shown (see Section 4.2.2) that A E <x mZ2/E, where m and Ze are 
the mass and charge of the ionising particle. Hence, a plot of A E  against E  allows for 
particle identification by separating particles of different mass and charge - depending on the 
resolution of the A E  detector (this is described in more detail in Section 4.2.2). Due to the 
potential large range of angles the 8B break-up particles could cover an array of six of the 
detector telescopes was required to maximise the reconstructed SB statistics. The detector 
array layout, including angles from the beam direction, of the six telescopes, four in-plane 
and two out-of-plane, for the 2002 experiment are shown in Fig. 3.4a.
Each of the two highest angle telescopes only have the last two stages, the strip A E\E 
and E Csl detectors, which is shown in Fig. 3.4b. The array was designed to allow silicon 
detector telescopes to be placed at a fixed distance normal to the target but at any angle, 
with the target at the centre of array, providing flexibility and a considerable fraction of 47r 
coverage. Each strip detector was planned to be 140 mm from the target, but during the 
calibrations it was discovered that this was not the case (see Section 4.1) and that in fact 
there was an offset in the direction of the beam line axis. This offset was «  5mm towards 
the target. It is believed that the offset was due to the target not being at the centre of the 
array, instead it was 2mm behind the 90°-90° line, and the target effectively being on the 
opposite side of the 3mm thick target ladder, due to the ladder being rotated by 180°.
In the 2005 ANU experiment a similar type of detector array, of three telescopes, was 
used, with the main difference being the use of Double Sided Silicon Strip Detectors (DSSSDs) 
for the first A E  stage of two of those telescopes. A schematic diagram of the detector array 
layout is shown in Fig. 3.5. The PSSSD A E\E and E  Csl detector stages of the telescopes 
used in the 2005 experiment were of the same type as those in the 2002 experiment, as was 
the quadrant A E  detector found on the outer detector. The two inner telescopes utilised 
DSSSDs for the A E  stages. The DSSSDs are lithographically divided into 16 equal strips, 
each 3 mm wide, on both the front and rear faces, with the strips on the two faces running 
perpendicular with respect to each other. For each particle hit a strip on both faces will 
give a measurement of the deposited energy, with the correlation between the strip positions 
on the two faces giving the ‘pixel’ of the particle hit. Thus, the DSSSDs can provide the 
necessary A E  measurement for particle identification and also an additional measurement of 
the particle hit laboratory angle. The telescopes were arranged to provide a large solid angle 
coverage, whilst simultaneously positioned such that all of the break-up and recoil particles 
could be detected, thus allowing complete kinematic reconstruction. This was achieved by
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(a)
T4
(b)
Figure 3.5: Detector telescope array arrangement of the 2005 ANU experiment, (a) Top 
view of the array showing three in-plane telescopes at different distances from the target, (b) 
View, looking downstream, of the three telescopes showing the inner two with the DSSSD 
AE stage. T2, T3 and T4 refer to telescope number (Sect. 5.2).
moving the telescopes away from the original position of the array ‘arms’ . To allow this 
adapting extensions were specially designed for the 2005 experiment by the author. The 
extensions were manufactured in the Physics Department of ANU. During installation of the 
array it was noted that there was an offset «  5mm towards the target, matching that of the 
2002 experiment and confirming its origin.
3.1.4 Silicon Detectors
The basis of silicon detectors is the pn-junction, a widely used feature of semiconductor 
applications. When a p-type (doped with acceptor atoms causing an excess of holes in 
the valence band) and a n-type (doped with donor atoms causing an excess of electrons in 
the conduction band) semiconductor are brought together a pn-junction is formed. In this 
situation the individual band-gap structures are altered, which is schematically shown by the 
generic pn-junction band-gap diagram in Fig. 3.6.
Once a certain number of electrons have drifted towards the p-type end and holes towards 
the n-type end a charge equilibrium is reached. The electrons that have left the n-type region 
leave behind positive ions and the holes that have left the p-type region leave negative ions.
3.1. Experimental Apparatus 40
• •
Figure 3.6: Band gap diagram of a pn-junction, where V is the contact potential, the 
magnitude of the arrows represent the magnitude of carrier charge flow in that direction (for 
electrons at the top and holes at the bottom) and open and filled circles represent holes and 
electrons respectively [85].
This space charge causes an electric field across the pn-junction, with the resulting force 
acting to push the electrons and holes away from the junction (halting further migration), 
thus setting up a natural depletion region. An example of the formation of a depletion layer at 
a pn-junction is shown in Fig. 3.7. The band-gap bending seen in Fig. 3.6 is due to the space 
charge causing an electric potential (the contact potential, «  IV  [86]) across the junction 
and the resultant variation in the electron energy bands.
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Figure 3.7: Schematic diagram of the formation of a depletion region in a pn-junction [87].
As it stands the pn-junction is not a useful detector of radiation or charged particles. To 
achieve this the pn-junction needs to be reverse biased, that is, the p side is made negative 
with respect to the n side, or vice versa. A generic pn-junction under reverse bias is included
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in Fig. 3.8. This biasing causes the band-gap to increase by an amount proportional to the 
applied voltage. The applied voltage causes an increase in voltage across the depletion region 
(increasing charge collection efficiency) and also extends the width of the depletion region 
(increasing the active detector volume).
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Figure 3.8: Band gap diagram of a reverse biased pn-junction, where V is the applied 
voltage [85].
A factor affecting semiconductor detectors is leakage current. Even though under reverse 
bias the pn-junction acts as a diode it still exhibits a finite conductivity in the forward 
direction. This is due to the reverse bias attracting the minority carriers (holes in the n-type 
and electrons in the p-type) across the junction and thermal excitations creating electron-hole 
pairs in the depletion region. The leakage current should be monitored during an experiment 
as a significant increase in it indicates possible abnormal detector behaviour, such as diode 
breakdown and radiation damage.
An incident charged particle in the depletion region causes the creation of electron-hole 
pairs as the effective electric field of the passing charged particle causes electrons to be excited 
from the valence band into the conduction band, leaving behind a hole in the valence band. 
With the reverse bias the electrons are swept to the n-type face and the holes to the p-type 
face. In the pn-diode detectors used in CHARISSA experiments the p-type layer is heavily 
doped compared to the n-type bulk volume, which causes the depletion region to extend 
primarily into the n-type side. As a consequence the depletion region may not fully cover the 
p-type material and thus the p-type material provides a layer that is insensitive to ionising 
radiation (through which a charged particle must pass to reach the active volume), a dead 
layer. The thin p-doped region also acts as a resistive layer which causes the division of 
the liberated charge carriers, with certain fractions of the charge going to each strip end
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(for the resistive strip PSSSDs under consideration in this section). Each strip has a certain 
resistance, R, and when the charged particle is incident a fraction r along the strip (shown 
in Fig. 3.9) the charge ‘sees’ a resistance of rR /R  in one direction and (l-r)R /R  in the other.
Figure 3.9: Schematic diagram of a PSSSD electronic circuit, with typical values for the 
resistors and capacitors.
The electron-hole pairs created by the charged particle require 3.62 eV per pair (at 300 K) 
to be liberated [86]. This value of 3.62 eV is independent of the deposited energy, instead it 
is a factor of the absorbing material, meaning the charge collected at the ends of the strips 
is directly proportional to the deposited energy. Thus, the energy of the incident charged 
particle is related to the sum of the two strip end signals (as discussed in Section 3.1.3). 
Also, as the ratio of the charge division is dependent on the point of origin along the strip the 
difference between the strip end signals gives the position the charged particle was incident 
on the strip. The position measurement resolution, before consideration of the associated 
electronics, is limited by an inherent feature of semiconductor detectors, diffusion of charge 
carriers. Diffusion causes some spread in the arrival position of the charge carriers, instead 
of them migrating at the drift velocity along the exact path of the electric field lines from 
the point of origin to the point of collection. This spread can be characterised as a Gaussian 
whose standard deviation in large-volume detectors could have a typical value of greater than 
100 fxm [86].
The PSSSDs used in this experiment were manufactured from a 500pm pure n-type 
silicon substrate that, with a mask segregating the front face into 16 strips, had a p-type 
region formed by the implantation of boron ions. A resistive layer and electrical contact 
was formed on the front face by altering the ion implantation dose. To reduce the radiation 
damage effects caused by the impacting boron ions the resulting silicon was annealed. Each 
strip end had an electrical connection created by gold wires ultrasonically bonded to both 
the strip ends and the pins on a 34-pin connector. An electrical contact on the rear n-type
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face was formed by a low resistance aluminium layer being evaporated onto it. The silicon 
strip detector described above, manufactured by Hamamatsu Photonics, has to be reverse 
biased and the signals extracted effectively for the purposes of nuclear physics experiments. 
Typical electronic circuitry required to do this is shown schematically in Fig. 3.9.
To reverse bias the PSSSD a positive voltage is applied to the n-type side of the detector. 
This bias voltage is typically 150 V [88] and ensures the 500/Lira detectors are fully depleted. 
The strips have a resistance, between each end, of ~  3 — 4/cO [88, 89]. At each end of the 
strip there is a resistor connected to ground and a resistor connected to the input of the 
pre-amplifier (described in Section 3.2). The resistor to ground provides a direct path for 
the leakage current and the resistor to the pre-amplifier acts as an offset resistor. This offset 
resistor causes an offset in the charge division mentioned previously, meaning that incident 
particles at the very ends of the strips still produce signals large enough to pass the thresholds 
of the analogue electronics attached to the opposite end of the strip. In this circuit the pre­
amplifiers are AC-coupled to the strip ends to allow the propagation of the energy signal, 
whilst the bias supply is DC-coupled to the aluminised rear face. The resistors and capacitors 
in the bias supply form an RC circuit which reduces noise in the bias supply by inhibiting 
small signals.
3.1.5 C sl Detectors
The third stage of the detector telescopes was a caesium iodide (Csl) detector, which is 
based on the inorganic scintillator crystal Csl. Inorganic scintillators rely on the same band- 
gap structure seen in the silicon detectors described above, except that inorganic scintillators 
such as Csl are insulators. Typically an energy gap of 5 eV is considered to be an insulator 
and 1 eV a semiconductor (for example in silicon and germanium the band-gaps are 1.115 eV 
and 0.665 eV, respectively) [90], with pure Csl having a band-gap of ~  4.1 eV  (this figure 
was derived from the wavelength of maximum emission contained in [90]). In Csl crystals 
the valence band is completely filled and the conduction band empty. An incoming charged 
particle excites an electron from the valence band to the conduction band and when the 
electron de-excites it causes the emission of a photon. As the energy required to excite an 
electron-hole pair is roughly the same as that released by the recombination of the de-excited 
electron the emitted photon has a high probability of self-absorption, causing the crystal to 
be poorly transparent to its scintillation light.
To counteract this the Csl crystal can have activator impurities added to it. Activator 
impurities provide sites in the crystal lattice that cause states within the band-gap, as shown 
in Fig. 3.10, allowing the light emitting de-excitation to take place between the activator
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Figure 3.10: Band-gap diagram of an activated inorganic scintillator showing the activator 
energy states and resulting scintillation photon.
states. This means that the emitted photon is at a higher wavelength. In the case of Csl 
with thallium activator atoms, labelled CsI(Tl), it is shifted into the visible region at 540 nm 
(at wavelength of maximum emission) [90]. Due to this self-absorption is drastically reduced 
and the crystal is now transparent to the scintillation light. A single crystal is required 
because a polycrystalline scintillator would cause reflections and absorptions at the crystal 
faces, thus losing transparency and rendering the detector useless.
The CsI(Tl) detectors used had dimensions of 50 mm x 50 mm on the front face and a 
depth of 10 mm. After this the crystals taper linearly down to a rear face of 18 mm x 18 mm 
after a further 15 mm depth. Thus, the crystals acted as their own light guides. At the rear 
face a S3204-03 Hamamatsu photodiode [91] is glued to the crystal to collect the scintillation 
light. Attached to the rear of the crystal is the Printed Circuit Board (PCB) which has a 
low noise, high gain pre-amplifier on it, closely coupled to the photodiode, along with the 
pre-amplifier power lines. Typically the photodiode is biased to +30 V  [91]. The CsI(Tl) 
crystal was covered in 6/am thick aluminised mylar which served to exclude external light 
and facilitate light collection.
Due to this 6/am thick aluminised mylar layer and the rear contact of the PSSSD there 
exists a dead-region between the active area of the PSSSD and the CsI(Tl) crystal. This 
dead-region means that particles that traverse the active area of the PSSSD might not have 
enough energy to penetrate the dead-region, thus stopping in the dead-region and not reach­
ing the CsI(Tl) crystal. Due to stopping in the dead-region some detected particles might 
have ‘missing energy’ which could have an effect on the reconstructed energies described in 
Chapters 4 and 5.
3.2 ANU 2002 Experiment Electronics
Due to the unusual nature of the data acquisition system utilised in the ANU 2002 experiment 
it will be described in detail in this section, whilst the standard CHARISSA system employed
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in the ANU 2005 experiment is described briefly in Section 3.3.
The multi-channel data acquisition system used in the 2002 experiment was designed to 
read multiparameter events where there are many possible channels in the detector telescope 
array, but where only a small fraction of those channels are required during a single event [92, 
93]. The digital conversion is performed within multi-hit Time to Digital Converters (TDCs) 
rather than the Analogue to Digital Converters (ADCs) commonly used (see Section 3.3). 
Multi-hit TDCs only convert the active channels and so reduce the processing load. The 
use of TDCs requires custom-built amplifiers which convert the amplitude signal of the pre­
amplified voltage pulse into a logic signal with variable duration, which is then digitised by 
the TDC. Also, the use of TDCs takes advantage of the significant difference in cost between 
TDCs and more expensive ADCs and that the conversion of amplitude to time within the 
amplifiers reduces the complexity of the associated electronics and cabling.
Each of the individual raw detector telescope signals were inputted into charge sensitive 
pre-amplifiers, which typically give an approximate gain of lOmV/MeV for the detectors 
used in CHARISSA experiments [92]. The pre-amplifiers convert the charge pulse resulting 
from the detectors into an integrated voltage pulse of proportionate amplitude. It should 
be noted that the pre-amplifiers are located directly adjacent to the MEGHA chamber, thus 
ensuring a minimum cable length and a reduction in potential signal noise. Provided that 
the logic conditions of the master trigger has been met the detector signals are amplified and 
converted by the amplifiers and then digitally encoded by the TDCs. After they have been 
encoded the signal data is written onto Exabyte magnetic tape and also partially broadcast 
on the ethernet, allowing full off-line analysis and on-line monitoring of the experiment. This 
collection of analogue and logic electronics and data acquisition system is described in the 
following sections.
3.2.1 Analogue and Logic Electronics
A schematic signal diagram is included in Fig. 3.11, showing in a simplified manner how 
the raw output signal from one detector element is propagated through the data acquisition 
system used for this experiment. After leaving the pre-amplifier the leading edge of the inte­
grated voltage pulse triggers the custom-built amplifiers. As a result the amplifier produces 
three pulses, two identical discriminator pulses and one stretched analogue pulse. One of the 
discriminator pulses is sent to the logic circuits and master trigger which subsequently decide 
whether or not the pulse is associated with what is deemed a ‘useful’ event. The second 
discriminator pulse is, via a short lemo cable, fed back into the trigger input on the front 
panel of the amplifier. As a result of this a 2.2 (.is self-generated trigger pulse is produced.
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Figure 3.11: Simplified block diagram of signal propagation through the analogue and logic 
electronics for one detector channel in the experimental setup, other channels are brought in 
where indicated. Rough groupings of the data acquisition modules are also included.
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The first discriminator pulse from the amplifier is sent to a Walk and Accept Generator 
(WAG) unit. This unit stretches the discriminator pulse to form an 800 ns WALK pulse. For
are sent to the MAjority Look-Up (MALU) unit associated with that crate. This WALK pulse 
is also sent to the Convert Amplitude-to-Time (CAT) unit (described later). The MALU 
unit produces an output pulse which is proportional to the number of overlapping WALK 
pulses that were inputted. This proportional output pulse thus defines the multiplicity for the
for the master trigger can consequently be set. The signal from the MALU is passed to the 
MIXER unit, which is effectively an OR gate. If required, in other experiments, the MIXER 
unit can transfer the signals to external logic circuits. These external logic circuits can be used 
to apply additional and more complicated criteria than that imposed by the MALU units. 
From the MIXER unit the resultant trigger signal is supplied to the Time and Amplitude 
Interface Logic (TAIL) imit. The TAIL unit sends a 4.5 /as Multiplicity Pulse (MPP) to all 
of the amplifier crates, the WAG units and the TDCs. A TDC receiving an MPP is set to 
acquire mode.
Figure 3.12: Schematic diagram of the signal production and timing within the amplifier 
units, with the required inputs from the logic circuits described in the text.
If there is a MPP pulse in coincidence with the 2.2 /as self-generated trigger pulse in the
monitor software, enables the peak detect circuits within the amplifier. Thus, the stretched 
analogue pulse produced by the amplifier holds the amplitude attained by the amplified signal
all signals occurring in the same amplifier crate from each event the respective WALK pulses
particular amplifier crate and by setting thresholds within the MALU the desired multiplicity
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amplifier a gate is produced. This gate, whose width is controlled by the amplifier set-up and
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when it reaches its peak, until the amplifier receives a clear signal. The described stages of 
signal propagation within the amplifier is illustrated by Fig 3.12.
Figure 3.13: Schematic diagram of how the CAT unit converts the amplifier output into a 
multiplexed time-logic signal.
If a WAG unit receives a MPP that overlaps with a WALK signal in one of its channels it 
produces an ACCEPT signal which is sent to the respective CAT unit. This enables the peak 
detect in the CAT, causing it to read the stretched analogue pulse and convert the voltage 
level into a logical signal with a length that is proportional to the amplitude of the initial 
energy signal. The timing of the amplitude to time conversion is controlled by the TAIL unit 
(see Fig 3.13). An 8/is long pulse is sent from the TAIL to the CAT 8ps after the MPP, 
the leading edge of which causes the CAT to ramp down from 0 V at a rate proportional to 
the held peak voltage from the amplifier. The trailing edge of the TAIL signal (16/is after 
the MPP) signals the CAT to ramp up at a constant rate. A logic pulse is produced by the 
CAT whose length is the time between the trailing edge of the TAIL pulse and the return to 
the 0 V intercept. The length of this logic pulse is proportional to the original energy signal 
from the amplifier. Timing information is provided by the WALK signal that was sent to the 
CAT. The timing signal is multiplexed with the energy dependent time-logic pulse to create a 
single time-logic output. This multiplexed time-logic pulse is then sent to the multi-hit TDCs 
which digitizes the time of each rising edge, timing first and amplitude dependent second. 
After a further 8/iS (24/.is after the MPP) a signal is sent to the TDCs from the TAIL unit
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switching them from acquire to read-out mode. Also sent by the TAIL unit is a pulse to the 
Fast Interception And CReation of Events (FIACRE) unit to begin its ready mode.
3.2.2 D ata Acquisition System
When the FIACRE unit is ready it reads, via the Computer Automated Measurement And 
Control (CAMAC) backplane in the crate, the data from the TDC. Before passing it onto the 
DATA STACKS the FIACRE performs tests on the data. The first of these tests is that there 
are only two hits per channel in the TDC, timing and amplitude. Also checked is that the 
time signal comes within the first 8/xs and that the energy dependent signal falls between 16/is 
and 24/is. Once satisfied the FIACRE removes 16/xs from the energy signal and then replaces 
the TDC local CAMAC bin address with a Global data acquisition channel number. The 
FIACRE sends, for each channel, four data words to the DATA STACKS; channel number, 
time, channel number +  1, energy. After this the FIACRE unit signals the CATCH to tell 
it that there are data in the DATA STACKS. Data is sent from the DATA STACKS to the 
fast memory, FERA to VME Buffer (F2VB), by the CATCH. After all the data has been 
transferred to memory the CATCH sends a clear signal to the TAIL. The TAIL then sends 
out signals to the amplifier crates telling them to re-set all amplifiers. From the fast memory 
the data are sent over the ethernet to the Exabyte tape drive, for later off-line analysis, and 
to Sun terminals for on-line analysis to monitor the progress of the experiment through the 
SUNSORT software [94]. Software control of the data acquisition system is provided by the 
graphical interface MIDAS [95]. Several users can be concurrently running MIDAS on one 
or more workstations which allows control functions to be carried out from more than one 
location, particularly useful for experimental facilities where the experimental hall is located 
away from the control room.
3.3 ANU 2005 Experiment Electronics
The data acquisition system utilised in the ANU 2005 experiment is a development of that 
used for previous CHARISSA experiments. The digitisation employs conventional ADCs 
rather than the TDC encoding used in the earlier MEGHA system described in Section 3.2. 
Each raw detector signal is sent to a charge sensitive pre-amplifier, which produces an in­
tegrated pulse with an output voltage proportional to the total collected charge from the 
detector. This voltage pulse is then fed into the shaping amplifiers, which produce a suitably 
integrated and differentiated pulse with a smooth shape (1 /xs shaping time) and an ampli­
tude proportional to the total charge from the detector. This is fed to one of the 32-Channel
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Silena ADCs while a separate fast pulse, shaped in parallel but with much shorter time con­
stants, is fed to a leading-edge discriminator. The various discriminator outputs feed into 
the logic electronics that define the trigger for the acquisition. This consists of MALUs and 
Fan In Fan Out (FIFO) units, which can be set to act as AND/OR gates, and provide a 
signal based on certain multiplicity conditions. The output is sent to the master trigger unit, 
known as the Silena Acquisition Control (SAC) unit, which is located in the VME crate and 
sends a gate signal over the VME backplane to the ADCs, setting them to read-out mode, 
and it also sends the required busy and clear signals. The ADCs are read over the VME 
backplane by a processor on a Motorola Versa Module Eurocard (MVME) module in the 
VME crate, assembled into blocks of data and then broadcast via an ethernet connection to 
a tape server programme and thence to DLT tape for off-line analysis. A Sun workstation 
on the local network runs the tape server and also allows on-line monitoring of the data and 
other experimental parameters.
3.4 Beams and Targets
Before the reaction data-runs could be taken calibration runs had to be performed to ob­
tain the calibration factors required in the initial offline analysis (Section 4.1). A summary 
of beam/target combinations used, and time run for, in the 2002 experiment is included in 
Table 3.1, separated into calibration and reaction runs. The Flash gold target consisted 
of 5/ag/cm2 Au on a 10 jig/cm2 12C backing, whilst the 12C target was self-supporting 
100 /xg/cm2 pure 12C and the thick 12C target was 450 /ig/cm2.
Beam,Energy (MeV) Target Duration
Calibrations
6Li,60.0 Flash gold 2hrl0
6Li,26.7 Flash gold 0hr40
6Li,26.7 12C (100) 0hr55
6Li,60.0 12C (100) 2hr50
6Li,60.0 12C (450) lhr45
12C,30.0 12C (100) 3hrl5
Reaction
6Li,60.0 12C (100) 47hr45
Table 3.1: Summary of the beam and target combinations used in the 2002 ANU experi­
ment, including the duration of the runs.
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Similar beam and target information for the ANU 2005 experiment is included in Ta­
ble 3.2. The Flash gold target again consisted of 5pg/cm 2 Au on a 10p,g/cm2 12C backing 
and the 12C target was self-supporting 50p.g/cm2 pure 12C.
Beam,Energy (MeV) Target Duration
Calibrations
12C,45.0 Flash gold lhr30
12C,25.4 Flash gold 2hrl0
12C,70.0 Flash gold 0hr55
12C,45.0 12c 2hr20
Reaction
10B,85.0 12 c 103hr35
Table 3.2: Summary of the beam and target combinations used in the 2005 ANU experi­
ment, including the duration of the runs.
3.4.1 Target Choice
A target of self-supporting pure 12C was chosen for the reaction runs in the two experiments. 
This choice of target was made because self-supporting 12 C is readily available and relatively 
easy to make. It can also be made largely free of contaminant nuclides, which can be the source 
of problematic alternative reaction channels when analysing the reaction channel of interest. 
Target thicknesses of 50/tg/cm2 and 100/ig/cm2 were chosen because a thicker target would 
have caused greater energy straggling in the target which affects the achievable resolution 
of the reconstruction. Also, with the intended beam currents on target this thickness was 
required to avoid pile-up in the quadrant detectors, which is satisfied with less than 40 kHz 
per quadrant, and to obtain a suitable counting rate for the desired reaction.
Chapter 4
Data Analysis
Before reconstruction of 8B and other reaction channels was possible it was necessary to 
perform calibrations, included in Section 4.1, of the raw data produced by the experimental 
set-ups described in the previous chapter. Calibrations and off-line analysis were performed 
on SUN microsystems workstations and sort codes were utilised within SUNSORT [94] for 
the resonant state reconstruction. SUNSORT is a software package which reads the event- 
by-event data from the Exabyte and DLT data-tapes, sorts the data and is the user interface. 
The actions performed on each event were prescribed in the sort code, which was written 
in Fortran77. Many nuclides, including 8B, were reconstructed using the RPS technique 
described in Section 4.2. As a test reaction 9B reconstruction was performed (it is expected 
to populate the ground state as 9B is unbound) to check the reconstruction method and the 
calibrations used. This is included in Section 4.3. An example of the peak fitting method 
used is given in Section 4.4.
4.1 Calibrations
Before the reconstruction of any break-up events was possible calibrations of the detector 
telescopes had to be performed. The telescopes had to be calibrated in terms of energy and 
position (which gives the angular information). To allow these calibrations to be performed 
certain corrections had to be applied to the raw data read from the data-tapes. These cor­
rections included removing any ADC non-linearity and offset effects. During the calibration 
process it was discovered that the detector array was offset from the believed position in the 
2002 ANU experiment (see Section 3.1.3) when the measured energies and positions could not 
consistently be reconciled with the geometry the detector array was thought to be in. This 
resulted in detector-geometry dependent calibrations having to be performed in conjunction 
with the exact detector geometry being established. This section follows a chronological
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description of the calibrations of the 2002 ANU experiment, with all figures containing ex­
perimental data coming from that experiment. The calibration process of the 2005 ANU 
experiment followed a similar form to that of the 2002 experiment, where it did deviate is 
explicitly mentioned in the appropriate places.
4.1.1 A D C  Non-Linearities and Offsets
Although linear over the majority of their range, the type of pre-amplifiers and ADCs used 
in the detector telescopes can exhibit a non-linear response at low input voltages and even 
though they are produced by the same manufacturer can show different responses for each 
individual unit. To correct for any potential different non-linearities pulser walk-throughs are 
required. A pulser walk-through is when a high precision pulser unit is used to apply known 
voltage pulses into the test inputs of the pre-amplifiers. Different pulser voltage amplitudes 
were inputted to cover the dynamic range of the pre-amplifiers and ADCs, with closer spacing 
over the low voltage region as this is where any potential non-linearities are most pronounced. 
A typical pulser walk-through for a single strip end ADC spectra is shown in Fig. 4.1. The 
centroid of each pulser peak, in channel number, was obtained from a Gaussian fit performed 
in the fitting program BUFFIT [96]. From the known input voltages and these centroids a 
first order polynomial fit was applied, giving the ADC voltage to channel number response 
curve. A first order fit was sufficient because no non-linearities were apparent in the current 
experiments. This first order polynomial fit for each individual detector signal allows the 
experimental input voltage to be extracted from the raw ADC signals during the off-line 
analysis, thus removing the different responses for each individual unit.
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Figure 4.1: A typical pulser walk-through with the pre-amplifiers and ADC response to 
known voltage inputs.
0.2V to 1.0 V
2.0V 3.0V 4.0V 5.0V 6.0V
4.1. Calibrations 54
Generally, after any potential non-linearities have been removed through use of the pulser 
walk-throughs an offset could still remain between the respective strip ends requiring extra 
offset corrections to be applied. Although the ADCs used in the current experiments have 
a good linear response to the voltage inputted, at zero voltage an offset in channel number 
may exist.
The effect of these additional offsets can be seen in plots of energy against position, cur­
rently uncalibrated but after pulser walk-through correction, for the PSSSDs. Curvature of 
the energy points at low energies will be seen if any offset remains in the converted ADC 
voltages. By means of an iteratively improving least squares fit additional offsets can be 
simultaneously applied to the two strip ends until this low energy curvature is seen to be 
straight. A representative example of this process is included in Fig. 4.2. Once these correc­
tions had been applied the energy and position calibrations for the PSSSDs and the energy 
calibrations for the quadrant A E  and Csl detectors could be made.
119 
63 62 —61 — ’ 
60 '
5 9 -------
58 [-------
57  '■
i35
97 H  300 0
2000
Figure 4.2: A typical energy (Y-axis) versus position (X-axis) p lo t for an  uncalib rated  
PSSSD. O n th e  left is th e  in itial spec tra  w ith no offsets and on th e  righ t is th e  corrected 
spec tra  w ith additional offsets applied.
4.1.2 Strip Detector Calibration
Despite being made by the same manufacturers the different strips and their respective high 
and low ends follow different pre-amplifier to ADC routes and as such have different gain 
factors relative to each other. Consequently, the equation relating the total deposited energy 
to the signals at the respective strip ends becomes:
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E  =  [((#  +  offset^gh) x G )  +  (L +  o f f s e t^ ) }  x Escaie (4.1)
where E  is the deposited energy, H  and L are the pulser corrected'high and low strip-end 
signals, offsethigh and o ffse tiow their respective additional offsets, G is the relative gain 
factor and Escaie is the energy scaling factor. An energy scaling factor is required because 
once the relative signal contributions from each strip end have been normalised the total 
must be related to a known energy. Thus, to calculate the relative gain and energy scaling 
calibration factors known energies at certain angles are needed. This requires the detector 
geometry to calculate the theoretical energies for the reaction used in the calibration run, 
evaluated for the particular combination of the strip-end angles and the reaction. Theoretical 
calculation of the expected energies was performed by the computer code RELKIN [97]. The 
detector-array geometry for a particle hit in the PSSSDs used in the initial calibrations, along 
with the information contained in Fig. 3.4, was as presented in Fig. 4.3.
Figure 4.3: Detector geometry diagram including the information required to calculate the 
(x,y,z) co-ordinates and laboratory angle of any hit or strip end. See text for details.
In Fig. 4.3 d is the distance from the centre of the PSSSD to the believed target position 
in millimetres, p is the calibrated relative position (from —1 to + 1) along the strip, h is 
the vertical distance from the centre of the strip hit to the detector centre-line, 0P is the 
in-beam-plane angle from the detector normal to the relative position p , 9c is the in-plane 
angle to the centre of the detector, 9zn is the in-plane scattering angle, 90ut is the out-of-plane 
scattering angle and 9scat is the scattering angle of the incident particle. These quantities 
can be calculated via the following equations:
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=  tan 1 ( )  (4.2)
®in — Oc +  Op (4.3)
h =  (Strip#  -  8) x ^3.0 +  -  ^1.5 +  (4.4)
_i /h co s# D\
0out =  tan f — \ (4.5)
The (x,y,z) co-ordinates and scattering angle of the particle hit can likewise be calculated
via:
x =  (4.6)cos 0P
y =  h (4.7)
d cos Oin
z -   —  (4.8)cos Op
Oscat =  C O S-1 ( ~— J L = =  J (4.9)
\ y  x +  y2 +  z2 J
To provide accurate relative gain matching and energy scaling two different calibration 
runs were used in the 2002 experiment, namely a 6Li beam on a flash 197Au target and on 
a 12C target. In the 2005 experiment 25.4 MeV and 45 MeV 12C beams on a flash 197Au
target were used. For these calibration rims the A E  stages of the telescopes in the respective
experiments, either the quadrant detectors or DSSSDs, were removed. A light beam on a 
heavy target produces predominantly elastic scattering of the beam and thus almost mono- 
energetic particles with little variation in energy with scattering angle over the angles covered 
by the detectors. This means that the gain matching and energy scaling can be calibrated 
with only a very small dependence on the angle calibration. The much greater decrease 
in energy with increasing scattering angle for the elastically and inelastically scattered 6Li 
beam from the 12 C target provides a wide range of particle-hit energies to ensure the energy 
calibration is also valid over the whole energy range of detected particles (likewise with the 
12C beams scattering from the 12C backing on the flash 197Au target in the 2005 experiment).
Using a comparison of the respective pulser walk-through and offset corrected PSSSD 
strip-end signals and the theoretical expected energies at the strip ends (where the relative 
positions along the strip are known to be + 1  and —1) the relative gain and energy scaling 
factors were calculated using a simple least-squares fitting program written in Fortran77. 
However, the gains and energy factors produced were clearly wrong and also gave elastic 
scattering energies that were inconsistent with a detector array that was symmetric. The 
erroneous calibration factors are clearly evident in the up-sloping elastic scattering locus in 
Fig. 4.4.
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Figure 4.4: E nergy versus position  p lo t for a single PSSSD s trip  w ith incorrect calibration  
factors for 6Li sca tte red  from a  flash 197Au ta rg e t.
The detector-array geometry was clearly not as that originally thought. As a consequence 
of this it was required to calibrate the energy and find the correct detector geometry simulta­
neously. To do this the alpha punch-through line, seen clearly in Fig. 4.5, was used to provide 
an initial estimation of the calibration factors. In 500 fim of silicon an alpha particle can de­
posit a maximum of 32.073 MeV, which gives a line of known energy (ignoring the scattering 
angle dependent thickness variation across the strips and detector array asymmetry) with 
a consistently high number of counts as it is independent of the reduction of counts with 
increasing angle seen in elastic scattering. Ensuring a straight line at 32 MeV thus gave the 
initial calibration factors, which were then input to the iteration procedure.
Next, the slowly varying in energy elastic scattering kinematic loci, from the 6Li beam 
on a flash 197Au target, were used to iteratively improve the calibration factors until all of 
the individual strips in a detector, and as a whole array, superimposed to give a continuous 
kinematic locus. Once this was achieved the calibrations were checked with the greater energy 
variations of the elastic scattering loci from the 6Li beam on a 12C target. Each calibrated 
strip’s energy versus laboratory scattering angle plot superimposed on each other, to show 
the validity of the calibrations, is shown in Fig. 4.5.
After the correct gains and energy factors were obtained the detector geometry could be 
fitted to the calibrated energies. This was done by keeping the detector array geometry fixed 
(as shown in Fig. 3.4) and adding a displacement vector, (Sx, Sy, 6z), to the origin of the array
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Figure 4.5: C alib ra ted  energy vs ca lib ra ted  labora to ry  sca ttering  angle p lo t for each indi­
v idual strip  in th e  detec to r a rray  overlayed on top  of each o ther (60 MeV 6Li beam  on 12C).
(which is thus no longer the target). A narrowing grid search program was written in For- 
tran77 to vary the displacement vector components and compare the subsequent theoretical 
energies with the calibrated energies until the total difference for all the detectors, individu­
ally and together, was a minimum and gave consistent displacement vector components. The 
displacement vector was found to be (1.71 mm,2.16mm,5.08mm). The x and y components 
are consistent with the beam spot being off-centre by an amount seen in other CHARISSA 
experiments and the z component was, in the 2005 ANU experiment using the same detector 
array, discovered to be due to a 2 mm displacement of the array from the backplate and the 
target being on the opposite side of the 3 mm target ladder. Once the displacement vector 
was obtained it could be added to the original array geometry and subsequently the equations 
for calculating the (x, y, z) of particle hits become:
d sin Oin . .
x = --------(4.10cos up
y =  h - S y  (4.11)
d COS Orrr . .
2 =  — (4.12)cos 6ip
As a check the fitted detector-array geometry, including the displacement vector, was 
inputted into the original calibration method to confirm that consistent gain and energy
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factors were found.
In the 2005 ANU experiment the detector-array geometry and approximate array 2:-offset 
were known, however, the beam spot offset can have a large effect on the fitted relative gain
the 2005 ANU calibrations that the (x , y) beam offset uncertainty prevented the method of 
using a simple least-squares fitting program to calculate the calibration factors, by comparing 
the respective pulser walk-through and offset corrected PSSSD strip-end signals with the 
theoretical expected energies at the strip ends, from attaining the desired accuracy. Thus, 
using the known detector-array geometry and reliable calibration runs a similar displacement 
vector narrowing grid search method, written in Fortran77, was utilised. In this grid search 
program for a given geometry and (5x, 5y, 5z) displacement vector combination the theoretical 
energies were calculated and used to obtain the calibration factors via the established least- 
squares fitting to strip-end signals method. Within the program these calibration factors were 
used to calculate the sum of the calibrated minus theoretical energies. This energy difference 
sum was then minimised with respect to the (5®, 5y, 5z) parameters via a narrowing grid 
search to find accurate calibration factors and the associated displacement vector, (0.31 mm,- 
0.90mm,4.78mm), in the 2005 ANU experiment.
Returning to the 2002 ANU experiment, the uncalibrated hit position on a strip is given
where P  will not be exactly greater than —1 and less than +1 (—0.69 <  P  < 0.70 for
the individual strip energy versus uncalibrated position spectra the channel numbers of the
high and low strip edge positions, Pjj and Pi, respectively, were then used to calibrate the 
strip hit position to be between exactly —1 and + 1  using the equation:
The calibrated position, and subsequently calibrated angle, could then be used along with 
the energy calibration to calculate the scattering angle and momentiun vectors of any particle 
hits in the PSSSDs.
and energy scaling factors (as shown by the 2002 ANU experiment). It was indeed found in
by:
p  _  ((H  +  o f fs e thigh) x G) -  (L +  o f f s e t s )  
((H  +  o f fs e thigh) x G) +  (L +  o f f s e t ^ ) (4.13)
example) because of the offset resistors at each end of the strip (Section 3.1.4). By looking at
respective strip ends (simply where the counts stop at either end) could be measured. These
(4.14)
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4.1.3 Quadrant Detector and DSSSD Calibration
Quadrant detector calibrations were performed after the pulser walk-through corrections 
had been applied to each individual quadrant. To calibrate the energy deposited in the 
quadrant A E  detectors their thicknesses had to be known. This was achieved using the same 
beam/target combination calibration run with the quadrant detectors in place and removed 
from the telescopes. For each PSSSD strip behind the quadrant detectors the length of the 
strip was divided into 32 imaginary cells and the mean energy, detected in the PSSSD strip, 
of a certain kinematic line within each cell was calculated for both the quadrant detectors 
in place run and removed from the telescopes run. The energy difference of the kinematic 
line in each cell between the two runs is, irrespective of energy calibration, dependent on 
the thickness of the quadrant detector in front of that cell. For each of the cells the mean 
energy of the kinematic line in the two runs was converted into a range in silicon using 
DEDX (an energy loss program [98]) and the difference in range between the two runs is 
the quadrant detector thickness in front of each particular cell. The quadrant detectors’ 
thicknesses, mapped as a function of detector number, strip number and cell number, are 
graphically shown in Fig. 4.6. The thickness of the quadrant detectors ranged from 67 to 
75 /un.
Due to the available calibration runs the thickness measurement method of the quadrant 
detector and DSSSDs for the 2005 ANU experiment differed from that of the 2002 experiment. 
With the A E  detectors in place the weighted average PSSSD strip energy and angle of a 
certain kinematic line were calculated for each of the 32 cells that the PSSSD strip had been 
divided into. For each cell the average energy was converted into a range in silicon using 
DEDX. Also, the average angle was converted into a theoretical energy by the kinematic 
code RELKIN, which in turn was inputted into DEDX to calculate a theoretical range in 
silicon. The difference between the theoretical and measured ranges provides a measurement 
of the A E  detectors’ thicknesses as a function of detector number, strip number and cell 
number. The thickness of the A E  detectors in the 2005 experiment (not shown here) ranged 
from 69 to 78 /am.
Returning to the 2002 ANU experiment calibrations. For the quadrant A E  detectors a 
linear energy calibration with an offset was assumed, i.e. E  =  mx +  c. By gating on known 
kinematic lines, in calibration runs with the quadrant detectors in position, the theoretical 
energy of the particles after they have left the target can be calculated from the measured 
scattering angle of the hit using polynomial fits from RELKIN and DEDX (to calculate the 
energy lost exiting the target). The difference between the theoretical energy and the energy
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Detector 3 Detector 4
Figure 4.6: Thicknesses of the  four q u ad ran t de tec tors as a  function of PSSSD s trip  num ber 
and  cell num ber (see tex t).
measured in the strips is the theoretical energy lost traversing the quadrant detector. A plot 
of the calculated energy loss against the raw quadrant signal allows linear fits for each of the 
sixteen individual quadrants to be made and the quadrant energy calibration factors to be 
found. However, after the calibrations had been applied there was a discrepancy between 
the four different quadrant detectors. This was attributed to the known kinematic lines only
4.1. Calibrations 62
covering a fraction of the A E  energy range.
Due to this a set of additional calibration factors was applied to the quadrant A E detec­
tors. From the “quasi-calibrated” quadrant energy versus PSSSD strip energy plots (A E, E) 
points were taken from both the 4He and 6Li particle identification loci (see Section 4.2.2), 
which cover almost the entire A E energy range. For each point the calibrated strip energy 
was converted into a range and the quadrant thickness appropriate for that point added on. 
This new range was then converted back into an energy and the difference between the new 
energy and the calibrated strip energy was the “exact” quadrant energy loss.
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Figure 4.7: Q u adran t de tec tor energy versus PSSSD energy plots before (left) and after 
(right) qu ad ran t de tec tor calibrations for 60 MeV 6Li beam  on 12C.
Linear fits for each quadrant were applied to the resulting exact A E versus A E quasi­
calibrated plots. These additional calibration factors were applied after the initial factors to 
give the final quadrant energy calibration. Uncalibrated and calibrated quadrant detector 
energy loss against PSSSD strip energy spectra are shown in Fig. 4.7. Due to the improved ac­
curacy demonstrated by the second A E detector calibration method this procedure only was 
followed in the 2005 experiment, with the strip energies taken directly from the appropriate 
raw A E  signal versus strip energy particle identification loci.
4.1.4 C sl Detector Calibration
The Csl detector calibration process is particle specific as the crystal light output depends 
on the (m, z) of the incident ion (because for all scintillators, not just inorganic crystals, the 
amount of light generated per unit energy loss depends on the particle kinetic energy and rate 
of energy loss, dE/dx, and consequently also the particle type). Thus, a plot of calibrated 
strip energy against the raw Csl signal is needed for particle identification (see Section 4.2.2)
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before the calibration can be performed. Because clean particle identification was needed 
for the calibration only events with a single hit in the respective PSSSD were incremented 
into the spectra used at this point. Once the particle type has been identified the energy 
deposited in the strip is used to calculate, with the aid of DEDX, the energy that should be 
incident on the Csl detector given that strip energy. This expected energy is compared to the 
corresponding raw Csl light output signal for each particle type and polynomials fitted to the 
data (the fits were particle dependent, with second, third and fourth order fits being used). 
These light output response functions are used to convert the raw Csl signals into energies 
for identified particles within the analysis sort codes. A plot of PSSSD strip energy against 
Csl energy, uncalibrated and calibrated, for all strip hit multiplicities is shown in Fig. 4.8.
Raw Csl Channel/16
Figure 4.8: PSSSD energy versus Csl energy plots for uncalibrated (left) and calibrated 
(right) Csl energy from one detector for 60 MeV 6Li beam on 12C.
4.2 Resonant Particle Spectroscopy
Resonant Particle Spectroscopy (RPS) is a kinematic reconstruction technique for nuclear 
reactions where the resulting nucleus of interest breaks up into two or more fragments. De­
scribed by Rae et al. [99], RPS has successfully been utilised in nuclear reaction experiments 
for over two decades, and within the CHARISSA collaboration for the last 15 years. Origi­
nally intended for reactions in inverse kinematics (where the large centre-of-mass energy of 
the parent nucleus results in the forward focussing in the laboratory frame of the break-up 
fragments and subsequent increased detection efficiency) RPS is applicable to all reactions 
that proceed through an intermediate particle unbound state, such as those being studied in 
this thesis. In RPS the beam species is the nuclide of interest and is impinged on a heavier,
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in this experiment, target. The projectile-like nuclide is excited during the reaction and if 
the internal excitation energy is sufficient to overcome the appropriate break-up Q-value it 
fragments into the particles seen in the final state channel, with the remaining excitation 
energy being transferred into the relative energy of the fragments. Placed either side of the 
beam position sensitive particle identification detector telescopes detect the break-up frag­
ments. Using the energy, position and particle identification it is possible to kinematically 
reconstruct the reaction and extract excitation information about the projectile-like nuclide 
of interest. In this method the detection of the target-like recoil nucleus is not required as 
consideration of the conservation of momentum and energy allows its properties to be calcu­
lated. Due to the RPS technique allowing multiple scattering angles and excitations to be 
studied with a single beam energy, with efficiency profiles according to the solid angle and 
thresholds of the detectors, various reaction channels can be effectively analysed from a single 
data-set.
4.2.1 RPS Kinematics
The RPS technique can be used to analyse sequential break-up reactions characterised by 
the notation T(P , I*—»Fi+F2+ . .. +Fn)R, where T is the target, P is the projectile, I* is 
the resonant intermediate state of interest, F i<>Tl are the n break-up fragments and R is the 
recoil nucleus. As an example in this section n ~  3 will be assumed. Conservation of linear 
momentum between the detected fragments and the incident beam, assuming a four-body 
final state in which the missing mass corresponds to an individual recoil nucleus, allows the 
momentum of the undetected recoil particle to be uniquely defined. This is done according 
to the vector relation:
Pbeam — Pi 4" P2 4" P 3 4“ Precoil ( 4 ' f 5 )
where Pbeam is the incident beam velocity, P1..3 are the fragment momenta and precoil is the 
undetected recoil momentum. Once the break-up fragments have been detected and identified 
(see Section 4.2.2) their energies and angles can be used to calculate their momentum vectors, 
as required in Equ. 4.15 above. Knowing the recoil momentum means the energy of the recoil 
nucleus, Erecou, can be calculated:
TP \Precoil\2 r a i r\Erecoil =  TT-  (4.16)
z,ifbrecoil
where mrecou is the recoil mass. The recoil mass can be deduced after identification of the 
break-up fragments and knowing the beam species. The energy released during the reaction
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is described by the four-body Q-value. This Q-value is given by the difference between the 
incident beam energy, E6eam, and the final state particles total kinetic energy, as given by:
Q — (Ei +  E2 +  E3 +  Erecou) — Efjeam (4-17)
where E2 and £3 are the energies of the break-up fragments. A schematic repre­
sentation of a reconstructed Q-value spectrum expected for a four-body final state reaction 
channel is shown in Fig. 4.9.
Figure 4.9: Schematic representation of an expected reconstructed Q-value spectrum for a 
four-body final state reaction channel with a negative Q-value.
The label Qgggg has the meaning that the four final state nuclei remain in their respective 
ground states, whilst the label Qggg indicates that three of the nuclei exit in their ground 
states and the remaining nucleus is emitted in an excited state. There can be more than 
one Qggg peak as the excited nuclide can be in any one of its possible excited states, or 
if the final state nuclei are different nuclides as there is thus more than one possible set of 
excitation energy levels. Successively lower numbers of subscript g labels indicate successively 
more final state nuclei being emitted in an excited state. At more negative Q-values there 
is a broad, apparently featureless continuum. This area contains counts from reconstructed 
events that include one 01* more misidentified particles or random coincidences, possibly from 
noise. Other contributions could include reactions populating higher excited states in the 
final state particles, multiple excited particles not leading to individual peaks and also five- 
body or more final states. The cut-off at a very negative Q-value is due to detector geometry 
and energy thresholds preventing one or more of the break-up fragments from being detected. 
Gating on one of the Qg..g peaks in the Q-value spectrum allows selection of counts from the 
desired final state channel.
A reaction leading to a four-body final state can be considered as two sequential two-body 
decays of resonant states. In this picture in the case of the final state 12C(6Li,4He3He1H)10Be,
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the SB* decays to 7Be*+1H and then the 7Be* decays to 4He+3He. In two-body break-up 
the relative centre-of-mass energy between the two fragments, Erei, is given by:
Erel — T^IVj-ed (4-18)
where /x is the reduced mass of the two-body system:
mi m2p -----------------
mi +  m2
The variables m\ and m2 are the masses of the two fragments and v rd 
velocity between the two fragments. The velocity vrei is given by the vector 
the two fragment velocities:
vrez =  v i -  v 2 (4.20)
Consideration of the two decay Erd values, the excitation energy of the intermediate 
resonance and the respective two-body break-up Q-values then allows the internal excitation 
of the original resonant state to be calculated.
Alternatively, the relative energy, Erei, between the three fragments can be directly cal­
culated by:
Erei =  (Ei +  E2 +  -E3) — Erecon (4-21)
where Erecon is the reconstructed kinetic energy of the initial resonant state. The value
of E? 'ccoti is calculated fiom the leconstiucted momentum, PTecoTit "which is calculated by
conservation of linear momentum:
Precon =  Pi +  P2 +  P3 (4.22)
Thus, the excitation energy of the initial resonance, Ex, is given by:
Ex =  Erd -  Qs (4.23)
where Qs is the three-body break-up Q-value. Any features seen in the reconstructed 
excitation spectrum can then be associated with known or unknown states in the resonant 
nuclide. The second method of calculating the resonance excitation energy presented above 
is used in all subsequent analyses due to the fewer calculation steps involved.
(4.19)
is the relative 
subtraction of
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4.2.2 Particle Identification
Before the RPS method can be utilised to reconstruct 8B or any other nuclide the constituent 
break-up particles must be identified. To identify charged particles the energy loss, A E, and 
residual energy, E , of the particle are needed. Particle identification is thus achieved from 
a spectrum obtained by plotting A E from one element of the quadrant detector or DSSSD 
against E  measured in one of the PSSSD strips. A typical PI plot is shown in Fig. 4.10, 
which contains data from 60 MeV 6Li on 100)ug/cm2 12C taken in the 2002 ANU experiment. 
All example experimental figures in this section are taken from these data.
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Figure 4.10: Particle identification spectrum obtained by plotting A E in one quadrant of 
the quadrant detector against E deposited in one of the PSSSD strips.
The curves in Fig. 4.10 can be explained by consideration of Bethe’s equation [100] for 
the stopping power (energy loss per unit distance) of heavy charged particles passing through 
an absorbing medium:
dE 47te42:2 Ar_ 
■NZ 2mov2 (  v2\ u21ft, M I (4.24)dx mov2
where e and mo are the charge and rest mass of an electron, ze and v are the charge and 
velocity of the incident charged particle, N and Z are the number density and atomic number 
of the absorbing medium atoms. The parameter I  is the mean excitation and ionisation 
potential of the absorber medium and is usually taken as an experimentally determined 
parameter (with a value of the order of % 10Z eV) [101]. The expression in square brackets 
varies slowly with incident particle energy for non-relativistic charged particles (v c), thus 
a simplified form of Equ. 4.24 can be written as:
4.2. Resonant Particle Spectroscopy 68
~  oc ^  (4-25)
ax v2
This can also, since the particle energy is given by E =  ^mr2, be expressed as:
dE mz2 . .
dx X  ~ E ~  ( ®
If a thin detector is penetrated by the charged particle the energy lost in the detector for 
a given thickness is then:
A „  mz2
A E  oc — -  (4.27)h/
For particles with the same mass and charge the energy loss will be inversely proportional 
to their energy. This explains the general shape of the separate curves observed in Fig. 4.10. 
Also, for different charged particles of the same incident energy the energy loss will vary with 
m and 2. Thus, depending on the resolution of the A E  detector, mass and charge selection 
is possible, giving the desired PI. Each curve in Fig. 4.10 corresponds to a different (m, z) 
combination, with isotopes grouped closely together.
PSSSD Energy/MeV
Figure 4.11: Particle identification spectrum of quadrant detector against PSSSD for all 
telescopes in the 2002 ANU experiment to allow nuclide assignments.
By identifying the features caused by the elastically scattered 6Li beam, shown in Fig. 4.11 
(the two groups of events at strip energies of «  51 and 54 MeV), one can identify the curve 
associated with 6Li. From this, the other curves seen in Fig. 4.10 and 4.11 can be associated, 
as shown, with known charged particles. This process was repeated using the elastically scat­
tered 10B beam in the 2005 experiment. Also seen in Fig. 4.11 are many events corresponding
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to two alpha particle pile-up. This occurs when two alpha particles, mostly from sBe break­
up, are incident upon the same quadrant but different strips of the PSSSD, meaning the 
total energy loss of the two alpha particles is plotted against each of the respective individual 
residual energies. This situation is likely to occur due to the often very small relative energy, 
«  92 keV, of the two alpha particles (the 8Be ground state is unbound to two alpha break-up 
by 91.84keV). The isotopes 4He and 3He cannot be separated in the 2002 experiment due 
to the limited resolution of the thin quadrant silicon detectors, fa 500 keV, and the energy 
straggling of the particles whilst they are punching through. However, the improved energy 
resolution and lower pile-up rates of the DSSSDs used in the 2005 experiment do allow for 
the separation of the helium isotopes in the associated PI plots.
A factor hindering PI, particularly of the 4He and 3He required to reconstruct 8B, is 
charge sharing of the energy deposited in the PSSSD by an elastically scattered 6Li beam 
particle. Due to the large flux of scattered 6Li an immediately noticeable number of them, 
after passing through one quadrant, are incident on the PSSSD in the inactive region between 
two strips, resulting in the charge produced being shared in any fraction between the two 
adjacent strips. This means that the 6Li A E  is plotted against both of the two fractions of 
the residual energy, thus giving rise to the horizontal line originating from the features caused 
by the elastically scattered 6Li beam in Fig. 4.11. A large number of events incremented into 
the PI spectrum also reveals, albeit with low statistics, a curve corresponding to 7Be. In the 
2005 experiment PI spectra, not shown here, loci corresponding to nuclides up to the carbon 
isotopes are seen.
With the three stages of the telescopes used it is possible to produce a second PI plot. 
Here, the PI, for particles reaching the Csl stage, is based on a spectrum obtained by plotting 
A E  from one strip of the PSSSD against the residual energy deposited in the corresponding 
Csl detector. A typical PI plot of this type is shown in Fig. 4.12.
Figure 4.12 provides PI for ions with high enough energy that have punched through both 
the A E  detector and PSSSD. This fact alone could be of use in the reconstruction of certain 
resonant states. The PSSSD strips provide sufficient A E  resolution to enable both clean 
mass and charge selection in this type of PI plot. Each curve in Fig. 4.12 corresponds to a 
different ([m,z), with isotopes for each element grouped together. All three of the hydrogen 
isotopes and 4He and 3He can clearly be resolved. Similar plots for the 2005 experiment data 
reveal loci up to 7Li.
Once the different nuclides are identified via one of the two types of PI plots the ions of 
interest can be selected. This is achieved by drawing two-dimensional software gates around 
the appropriate curves seen in the PI spectrum, as described in this section, for all detector
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Raw Csl Channel/160
Figure 4.12: Particle identification spectrum obtained by plotting the energy loss in one 
PSSSD against the energy deposited in the corresponding Csl detector.
telescopes. Coincidences between two or more specific ions in the telescopes in the detector 
array select the reaction channels of interest.
4.2.3 Energy Calculations
As can be seen in Fig. 4.11 the resolution of the measured energy signal in the quadrant 
detector is not sufficient to resolve 4He and 3He in the 2002 experiment. This low detected 
energy resolution increases the errors in any final calculations performed, such as the reso­
nance excitation energy. As the Csl detector can only be calibrated for singles events (Section 
4.1.4), when two or more charged particles punch through the PSSSD they will both not lie 
on their respective PI loci and hence not be identified individually, which, along with the low 
energy resolution of the Csl detector, will hinder accurate resonant state reconstruction due 
to both poor energy resolution and loss of statistics.
However, the quadrant, DSSSD and Csl energies can be calculated using DEDX [98] 
based look-up tables in subroutines in the relevant sort codes used in the analysis. These 
calculations of the A E silicon detector, quadrant and DSSSD, and Csl detector energies 
are based on the corresponding measured PSSSD strip energies. This is because the strip 
detectors give the best energy resolution of the three stages of the detector telescopes used. 
Hence, use of the calculated instead of measured A E  detector and Csl detector energies was 
included in the reconstruction of the detected particle total energy and reaction channels of 
interest in both the 2002 and 2005 experiments.
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4.3 9B Reconstruction
To provide a check of the calibrations and the implementation of the reconstruction method in 
the sort code the reaction 12C(6Li,4He4He1H)9Be, populating states in the unbound nuclide 
9B, was reconstructed from the data set taken in the 2002 experiment with the 6Li beam and 
pure 100pg/cm2 12C target originally intended to populate the SB* exit channel.
4.3.1 Total Energy Spectrum
Following particle identification masses were assigned to the detected particles and using the 
measured energies and angles their momentum vectors were calculated. Knowing the incident 
beam energy of 60 MeV, and hence beam momentum, conservation of linear momentum 
between the beam and the break-up fragments meant that the recoil momentum could be 
calculated (Equ. 4.15), as could the recoil energy using an assumed recoil mass of 9 a.m.u 
(Equ. 4.16). From the sum of the total kinetic energies of the final state particles the difference 
between the initial kinetic energy and final kinetic energy of the system, the Q-value, was 
calculated (Equ. 4.17). The reconstructed Q-value spectrum for the 12C(6Li,4He4He1H)9Be 
reaction is shown in Fig. 4.13.
Figure 4.13: Reconstructed reaction Q-value spectrum for the 12C(6Li,4He4He1H)9Be re­
action.
The peaks labelled Qgggg and Qggg are due to the recoil 9Be being left in its |~ ground 
state [9] and either or both of the 2.4294 MeV |~ and 2.78 MeV states, respectively. At 
this point the exact excitation energy of the 9Be recoil is not important, as identification of 
this particular reaction channel and consequently the 9B excited states is what is desired.
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Which 9B excited state is correlated with which 9Be excited state could possibly be a later 
consideration. The difference in Q-value between the Qgggg and Qggg peaks is known to be 
due to the 9Be recoil excitation energy because the other three final state particles, 4He,4He 
and 1H, require considerably more energy than is available to be excited (for example the 
first excited state of 4He at 20.21 MeV [102] cannot be reached with the 60 MeV beam energy 
used in the 2002 experiment). The centroid of the Qgggg peak is at Q =  —9.36 ±  0.03 MeV, 
where the error is purely statistical, and was obtained from a Gaussian fit performed in the 
fitting program BUFFIT [96] in SUNSORT. This is in good agreement with the theoretically 
calculated Q-value o f -9.399 MeV for the 12C(6Li,4He4He1H)9Be reaction. The width of the 
Qgggg peak is 0.82 ±  0.08 MeV. The centroid of the Qggg peak is at Q =  —11.87 ±  0.05 MeV, 
with a width of 1.07±0.14 MeV, which as mentioned could be either or both of the 2.4294 MeV 
and 2.78 MeV states at Q =  —11.8284 MeV and Q =  —12.179 MeV.
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Figure 4.14: Reconstructed Q-value for the 12C(6Li,4He4He1H)9Be reaction plotted against 
the energy of one of the break-up 4He.
In a reaction the Q-value is determined by the reaction process proceeded by (for example 
12C(6Li,4He3He)n B or 12C(6Li,6Li1H)11B) and so is independent of the intermediate states. 
As an example, if the final state channel is 12C(6Li,4He3He1H)10Be it does not matter which 
7Be excited state it proceeds through, or whether it is via 12C(6Li,5Li*3He)10Be to the final 
state. Thus, the calculated reaction Q-value should not depend on the energy or angle of any 
of the final state fragments. A spectrum of the energy of one of the 4 He ions plotted against 
the reconstructed Q-value is shown in Fig. 4.14. The reconstructed reaction Q-value can be 
seen to be independent of break-up fragment energy as the vertical loci corresponding to the
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Figure 4.15: R econstructed  Q -value for th e  12C (6Li,4He4H e1H )9Be reaction  p lo tted  against 
th e  labo ra to ry  angle of one of th e  b reak-up  4He.
Qgggg and Qggg peaks in Fig. 4.13 do not vary with fragment energy. Similarly, a spectrum of 
the laboratory angle of one of the 4He ions plotted against the reconstructed Q-value (shown 
in Fig. 4.15) exhibits vertical loci, indicating that the reconstructed Q-value is independent 
of the break-up fragment angular measurement. Figures 4.14 and 4.15 indicate that the angle 
and energy calibrations of the detected fragments have been calculated accurately.
In the calculation of the four-body Q-value the assumed recoil mass is used. An indepen­
dent measure of the recoil mass can be obtained from a Catania plot. A Catania plot is the 
missing energy in the final state exit channel depicted against the recoil momentum. The 
missing energy is defined as the difference between the total energy of the break-up fragments 
and that of the incident beam, as the energy coming into a system must equal that going 
out. This can be written as:
Ebeam +  Q — E\ +  £2 +  £3 + Erecon 
Ebeam (E\ +  £2 +  £ 3) =  Erecon Q (4.28)
_  IPrecoi/12 _  g
2mrec<ri/
Therefore, by plotting the missing energy, Ebeam ~ (E\ +  £2 +  £ 3), against the recoil 
momentum squared, |precozz|2? counts from a particular reaction will lie on a locus with an 
intercept of — Q and gradient of 1 /mrecoii. For clear peaks in the Q-value spectrum a Catania
plot can thus give you an independent measure of the recoil mass. The Catania plot for the
9B data is shown in Fig. 4.16. Although not well resolved there are two loci that follow the
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straight lines predicted for recoils of mass 9 a.m.u, indicating that the assumption of a 9Be 
recoil associated with these events is correct.
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Figure 4.16: Energy against m om entum  spectrum  for recoils associated w ith th e  break-up 
fragm ents 4He, 4He and 1H. T he solid lines represent th e  predicted loci of m ass 9 a.m .u. 
recoils for Qgggg (bo ttom ) and  Qggg (top) counts.
4.3.2 Excitation Spectrum
According to Equ. 4.23 the reconstructed 9B excitation energy, for all events that were deemed 
to have 4He, 4He and ]H in coincidence, was calculated and is displayed in Fig. 4.17.
A clear ground state peak can be seen, along with two broad bumps at «2 M eV  and 
«  5 MeV. To stop the ground state being partially obscured by the y-axis, what is actually 
plotted in Fig. 4.17 is the excitation energy plus the three-body break-up Q-value, that is, 
the centre-of-mass relative energy between the break-up fragments. As well as the internal 
excitation energy the total kinetic energy and scattering angle of the intermediate resonant 
state can also be calculated, using conservation of momentum and energy (along the lines 
of Section 4.2.1). A plot of kinetic energy against laboratory scattering angle should reveal 
any two-body kinematic loci. A reconstructed 9B kinetic energy versus scattering angle 
plot is included in Fig. 4.18. The kinematic loci due to the 9B being populated in its ground 
state, with the recoil 9Be exiting in its ground state and an excited state, can just be resolved. 
However, no other features that indicate 9B excited states can be seen in the large background.
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Figure 4.17: E xcita tion  energy spectrum  plus b reak-up Q-value for th e  4H e + 4H e + 1H decay 
of 9B observed in th e  12C (6Li,4He4H e1H )9Be reaction.
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Figure 4.18: R econstructed  9B to ta l kinetic energy versus labora to ry  sca tte ring  angle.
Use of the centre-of-mass relative energy between the three final state fragments is not 
the only way that the excitation energy of the resonant state can be found. The total kinetic 
energy and scattering angle of the resonant state can be related, using the assumed recoil 
mass, to the Q-value of the resonant state by the kinematically derived relation:
Qkinematic -  TE ( l  +  ~ T p (  1 -  V Tp TE C O s S E  (4.29)
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where the relevant variables are included in Fig. 4.19.
►  Z
F ig u r e  4 .1 9 : Sim plistic d iagram  of th e  k inem atics of a  tw o-body reaction. T he variables M,
T  and 0 represent th e  m asses, kinetic energies and  labora to ry  sca ttering  angles, respectively.
T he label P indicates th e  projectile, T  th e  ta rg e t, R  th e  recoil and E th e  resonant ejectile.
The excitation energy is then the difference between the kinematic Q-value, Qkinem atic, 
and the reaction Q-value, Q  reaction'
E x  —  Q kinem atic Qreaction  (4.30)
Thus, a plot of Ex calculated by this method against Ex derived from the relative energy 
can reveal genuine resonance counts. Counts that have truly come from the assumed reaction 
will have the same excitation energy whichever method was used to calculate it, thus giving 
a line through (0,0) at 45°. For the reaction 12C(6Li,4He4He1H)9Be this spectrum is shown 
in Fig. 4.20.
00 50
Erel /  MeV
F ig u r e  4 .2 0 : 9B excita tion  energy calculated  from (E ,0 ) versus reconstructed  excitation  
energy spectrum  for th e  4H e + 4H e + 1H decay of 9B observed in th e  12C (6Li,4He4H e1H )9Be 
reaction.
At low energy there is a vertical line corresponding to 9B ground state counts that have
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come from other, unknown, reactions. In this spectrum the relative energy is plotted on the 
abscissa, not the excitation energy, to bring the line due to the 9B ground state away (by the 
there-body break-up Q-value) from the y-axis to make the feature clearer. From the diagonal 
line, corresponding to the Qgggg peak, in Fig. 4.20 it can be seen that there are definitely 
higher energy counts that come from the reaction of interest.
Excitation in 9B plus Break-up Q-value /  M eV
F ig u r e  4 .2 1 : E xcita tion  energy spectrum  plus break-up  Q-value for th e  4H e + 4H e + 1H decay 
of 9B observed in th e  12C (6Li,4He4H e1H )9Be reaction , gated  on th e  Q gggg peak.
The next step in the analysis is to gate on the Q-value peaks seen in Fig. 4.13 to se­
lect counts from the reaction of interest. The 9B excitation energy spectra, gated on the 
Qgggg and Qggg peaks, after estimated background subtraction are shown in Fig. 4.21 and 
Fig. 4.22, respectively. Background subtraction was estimated by gating on a small region 
either side of the Qgggg and Qggg peaks and reconstructing the excitation energy spectra 
for these four regions. These spectra were compared and, after scaling by the ratio of the 
estimated areas under the different regions in the Q-value spectra, taken to be representative 
of the contribution to Fig. 4.20 from the background underneath the Qgggg and Qggg peaks.
As can be seen in Figures 4.21 and 4.22 there is a narrow (FWHM= 0.066 ±  0.001 MeV) 
9B ground state peak at 0.284 ±  0.001 MeV, which is very close to the expected 4He-4He- 
*H breakup Q-value of 0.278 MeV. This strongly suggests the application of an accurate 
reconstruction method and calibrations. In Figures 4.21 and 4.22 no clear peaks at higher 
energies are seen, with very poor statistics overall. However, due to the straight line seen 
in Fig. 4.20 there are known to be counts from the reaction populating higher energy states
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F ig u r e  4 .22 : E xcita tion  energy spectrum  plus b reak-up Q-value for th e  4H e+ 4H e + 1H decay 
of 9B observed in th e  12C (6Li,4He4H e1H )9Be reaction , gated  on the  Qggg peak.
or the three-body continuum. This could suggest that unknown 9B excited states have been 
populated in this reaction. It can not, however, indicate whether the reason these states are 
not clearly seen is due to their weak population or due to the resulting break-up particles 
not all being detected after 4He+4He+1H decay, which could be due to the efficiencies of 
the experimental set-up (for example, when the 1H-8Be break-up cone is large due to a large 
relative energy the proton may not fall in the solid angle range covered by the detectors). At 
lower energies, a very tentative assignment of the known |+ 2.788 MeV state can be made 
to the small peak at 2.6-2.8 MeV in Fig. 4.21. Also, there is the very faint possibility of a 
~  1.7 M eV  peak, which could correspond to the elusive intruder state [103]
4.4 Peak fitting
Once the desired excitation energy spectra have been reconstructed from the final state 
channel of interest, as in Section 4.3.2 above and Chapter 5, the resulting peaks must be 
fitted to find the peak centroids and hence the corresponding excitation energies. The method 
used to obtain the peak excitation energies utilised Gaussian peak shapes and smoothly 
varying polynomial backgrounds and was performed in the fitting program BUFFIT [96] in 
the SUNSORT software package [94]. Two examples of fits to excitation energy spectra are 
shown in Fig. 4.23. The experimental spectra included are two typical examples of excitation
 G ated on Qggg
 Estim ated background contribution
I B ackground subtracted
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Figure 4.23: Example peak fits overlaid on two different excitation energy spectra, (a) 
shows four peaks fitted on top of a fourth order polynomial background and (b) shows three 
peaks fitted on top of a fifth order polynomial background. The black lineshape is the 
experimental data, with the dashed red curve the background, the solid red curve the fitted 
peaks and the blue curve the total of the background and the fitted peaks.
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energy spectra found in Chapter 5.
For a feature in an excitation energy spectrum to be defined as a peak it had to give 
consistent centroids and widths when fitted using different combinations of number of peaks 
fitted together, background polynomial orders used, and ranges of background fitted. At 
least five fitting combinations were used for each peak and an average was taken of those 
different fits to obtain accurate peak centroids. The statistical uncertainties in the resulting 
peak centroids are 15 keV or less. It should be noted that the centroid statistical uncertainties 
resulting from the peak fitting are an order of magnitude smaller than the systematic uncer­
tainties in the adopted excitation energies presented in Chapter 5 and discussed in Chapter 6. 
Based on the variation in the assigned excitation energies between telescope combinations, in 
particular the ability to identify a consistent shift for certain telescope combinations, and also 
talcing into account the observed discrepancies from literature values for states with clear as­
signments, the uncertainty in the quoted excitation energies is typically 100 -150 lceV. Typical 
of similar break-up work (for example [79]), this value arises from small uncertainties such 
as the beam spot position and size, the relative angle of different detectors and associated 
angular resolutions, and detector dead layer effects.
Chapter 5
Results
5.1 Break-up channels studied via 6L i+12C
5.1.1 4H e + 3H e + 1H coincidences
The theorised three-centre states potentially populated in the 12C(6Li,8B )10Be reaction are 
above 1.7236 MeV [9] and so energetically can break-up to 4He+3He+1H. Thus, any 4He,3He 
and 4H coincidences were reconstructed as 8B, as long as the reconstructed intermediate 7 Be* 
was deemed to be above the low excitation energy ' Be noise peak. The reconstructed Q-value 
spectrum for this reaction, assuming a recoil mass of 10 a.m.u., is included in Fig. 5.1.
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F ig u r e  5 .1 : R econstructed  reaction  Q-value spectrum  for the  12C (6Li,4He3H e1H )10Be re­
action  channel.
Figure 5.1 exhibits the typical features of a Q-value plot, such as the high energy peaks 
and the low energy continuum. Two peaks are observed at Q =  —9.874 ±  0.047 MeV and 
— 12.750 ±  0.067 MeV (all errors listed being purely statistical from the BUFFIT Gaussian 
fits performed in SUNSORT). The 12C(6Li,4He3He1H)10Be reaction Q-value, the location of 
the expected Qgggg peak, is —23.166 MeV. This means that the two broad peaks observed
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are at the wrong energy, with no peak found at the reaction Q-value, which is well into the 
background continuum containing random coincidences and misidentified particles. The two 
peaks observed in Fig. 5.1 are very close to the 9B Qgggg and Qggg peaks seen in Fig. 4.13 at 
Q =  —9.358 ±  0.028 MeV and Q =  —11.873 ±  0.048 MeV. It is believed that these erroneous 
peaks are due to 4He-t-4He slipping through the PI gates, rather than the intended 4He+3He. 
Due to the small difference between 4He and 3He the reconstructed 8B /9B Qgggg and Qggg 
peaks are shifted slightly and broadened. Likewise, the accompanying Catania plot, shown in 
Fig. 5.2, reveals no features except the probable 9B artifacts. Thus, the Catania plot cannot 
provide evidence for the existence of mass 10 a.m.u. recoils.
30 ■
29 — '
28 •
27 )-------1
£ c o i P  (M eV u )
F ig u r e  5 .2 : Energy against m om entum  spectrum  for recoils associated w ith  the  break-up 
fragm ents 4He, 3He and JH. T he dashed line represents th e  predicted locus of m ass 10 a.m .u. 
recoils.
Excitation energy / MeV
Figure 5 .3 : R econstructed  excita tion  energy spectrum  for the  4H e+ 3H e + 1H decay of 8B 
observed in th e  12C (6Li,4He3H e1H )10Be reaction  channel.
The associated reconstructed 8B excitation energy spectrum is shown in Fig. 5.3. Noth-
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ing except a broad background (~  7.5 MeV) is apparent. The lack of peaks in the Q-value 
spectrum prevents any further analysis.
5.1.2 6L i+ 1H + 1H  coincidences
Higher energy 8B T =  1 states below the first T =  2 state at 10.619 MeV are energetically 
allowed to break up into 6L i+1H +1H. Although the three-body mass centre-states theorised 
in 8B are not expected to decay via this path the reconstruction of 6L i+1H +1H may reveal 
other unknown higher energy T  =  1 states in 8B. The reconstructed Q-value spectrum for this 
reaction (not shown here for brevity), assuming a recoil mass of 10 a.m.u., however, does not 
reveal any peaks indicating the presence of 12G(6Li,6Li1H1H)10Be counts. Indeed, there are 
only a handful of counts in the correct energy region, possibly suggesting that experimental 
constraints (for example, geometry and energy thresholds) are causing one of the fragments 
not to be detected. The Catania plots do not add anything further to this.
The resulting 8B excitation spectrum reconstructed from 6Li, 1H and *H coincidences 
show nothing except a broad background peak (ft*3.1 MeV), with the variations due only to 
low statistics. The Q-value spectrum shows that virtually none of the counts can be due to 
the reaction of interest in this section.
5.1.3 6L i+ 4He coincidences
Coincidences between 6Li and 4He hits were reconstructed as 10B*, associated with undetected 
8Be recoils. The reconstructed Q-value spectrum for this reaction, assuming a recoil mass of 
8 a.m.u., is included in Fig. 5.4.
Figure 5.4: Reconstructed reaction Q-value spectrum for the 12C(6Li,6Li4He)8Be reaction
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channel.
Figure 5.4 shows clear Qggg and Qgg peaks. These compare very favourably with the
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calculated Q-values for the recoil sBe exiting in its ground state and first excited state at
3.03 MeV (2+ ), Q = —7.365 MeV and —10.395 MeV, respectively. The large width of the Qgg 
peak is not due to poor resolution but instead the large width of the 2+ resonance in sBe, 
which also serves as a further reinforcement of the Qggg and Qgg assignment. A check of the 
recoil mass assumption is provided by the Catania plot, not shown here, which confirms the 
assignment.
Figure 5.5: Reconstructed excitation energy spectrum for the 6Li+4He decay of 10B* ob­
served in the 12C(6Li,6Li4He)8Be reaction channel and gated on the Qgg peak.
After selecting the events falling under the Qggg and Qgg peaks the reconstructed 10B 
excitation energy can be calculated. The resulting 10B excitation spectrum for the Qgg peak 
is shown in Fig. 5.5 (the Qggg spectrum is not shown here). Two small peaks are seen 
on top of a broad background peak between rs 5-12 MeV (seen in both excitation energy 
spectra), which suggests that break-up from discrete states in the resonant 10B nucleus is 
occurring. At higher energies in both spectra there appears to be a wide very flat-topped 
shoulder to the broad background peak. Indeed, but for the two peaks, the Qggg and Qgg 
peak excitation energy spectra are nearly identical. The two small peaks when fitted give 
centroids of 6.52 MeV and 6.02 MeV. The first peak matches well with the known 6.560 MeV 
4_ state and the second peak could be one or all of the known 5.9195 MeV 2+ , 6.0250 MeV 
4+ and 6.1272 MeV 3~ states [9], although the narrow width of the peak could suggest it is 
just one of those three states.
To examine the similarity between the two excitation spectra a plot of excitation energy 
calculated from Equ. 4.29 against the reconstructed excitation energy above is included in 
Fig. 5.6. As can be seen there is a broad swathe of counts, associated with the broad 
background peak seen in both excitation energy spectra, that extends over the whole range
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of the (E ,9) calculated excitation energy, with a fairly uniform distribution of events over 
the range of energies. Due to this, the plot does not help to further resolve the features 
of interest. However, it does reveal that the feature previously referred to as a flat-topped 
shoulder is in fact mostly due to genuine overlapping 10B* resonances or population of the 
GLi+4He two-body continuum. These 10B results should be compared with those of the ‘2005 
experiment (Section 5.2.1), albeit from a different population reaction, which in the same 
6Li+4He break-up channel gives consistent excitations with those seen here and also better 
data with many more states populated.
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Figure 5.6: 10B excitation energy calculated from (E,6) versus reconstructed excitation 
energy spectrum for the 6Li-|-4He decay observed in the 12C(6Li,6Li4He)8Be reaction.
5.1.4 4H e + 4H e + 2H coincidences
After the detection of two 4He and a deuteron in coincidence 10B was reconstructed with an 
undetected recoil of sBe. The reconstructed Q-value spectrum for this reaction (not shown 
here for brevity), assuming a recoil mass of 8 a.m.u., shows a possible Qgggg peak. This 
peak matches very well with the calculated Q-value of the 12C(6Li,4He4He2H)8Be reaction. 
However, when the missing energy and momentum are considered in the associated Catania 
plot, the assignment of this peak to the 12C(6Li,4He4He2H)8Be reaction channel Qgggg peak is 
much less certain. The concentration of low missing momentum counts and smaller number 
of higher energy counts corresponding to the Q-value spectra peak do not lie on the loci 
predicted for the desired reaction mass 8 a.m.u. recoils. Instead, the gradient of the faint 
line suggests a higher mass recoil, possibly A=9. As such, the Q-value peak is possibly due
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to 9B again, as was the case with <tHe+3He+1H coincidences earlier.
In the quadrant detector versus PSSSD PI plots the resolution is not sufficient to fully 
resolve the proton and deuteron lines, and as such, the gate drawn to identify the deuterons 
may contain sufficient numbers of protons to cause the Q-value peak seen when they are 
incorrectly reconstructed as a deuteron along with two alpha particles. The resulting 10B 
excitation spectrum looks very similar to Fig. 4.17 (but shifted by the break-up Q-value), 
giving weight to the above argument.
5.1.5 4H e + 4H e + 4He coincidences
If three alpha particles were detected in coincidence they were used to reconstruct potential 
resonant states in 12 C. The reconstructed Q-value spectrum for this reaction (not shown here 
for brevity, as are the other relevant spectra), assuming a recoil mass of 6 a.m.u., shows two 
peaks, probable Qgggg and Qggg peaks. The Q-value for the reaction 12C(6Li,4He4He4He)6Li 
is —7.272 MeV, which is close to the centroid of the peak referred to as the Qgggg peak. The 
Qggg peak is also close to the Q-value required to leave the 6Li recoil in its 2.186 MeV 3+ 
state. At slightly lower energy Q-values there is the possibility that other higher excited 
state 6Li Qggg peaks are present but just unresolved. The two identified peaks are on a large 
background and thus the peak to noise ratio is very low.
The Catania plot associated with the break-up fragments 4He,4He and 4He exhibits low 
missing momentum counts lying along the predicted loci for Qgggg and Qggg mass 6 a.m.u. 
recoils, indicating that those counts are indeed associated with 6Li recoils and thus that the 
Qgggg and Qggg peaks do contain events from the reaction channel 12C(6Li,4He4He4He)6Li. 
Gating on the counts in the Qgggg and Qggg peaks separately results in the 12C excitation 
spectra for 4He+4He+4He break-up.
In the Qgggg excitation energy spectrum several peaks are observed in the energy region 
«  8 - 27 MeV which can potentially be associated with discrete excited states in the resonant 
12C. The known 12C excited states at 9.641 MeV (3“ ), 12.71 MeV (1+ ) and 14.08MeV (4+ ) 
can be associated with three of the observed peaks. The low energy cut-off seen is due to the 
minimum excitation required to overcome the 7.272 MeV 4He+4He+4He break-up Q-value of 
12C. The higher energy cut-off is due to the detection threshold energy for 12C ions and other 
reaction channels becoming available. After gating on the Qggg peak counts are seen in the 
slightly smaller energy range of «  8 - 25 MeV, with the difference in energy range accounted 
for by the energy required to excite the 6Li to its first excited state. For counts under the 
Qggg peak the resonant states 9.641 MeV, 10.84 MeV (1“ ), 14.08 MeV and 16.57 MeV (2“ ) or 
17.23 MeV (1“ ) can be associated with peaks seen. All of the states assigned to peaks found
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after gating on the Q-value spectrum are already known and the peak resolution (all of the 
identified peaks lie on top of the majority of the relatively large background) and statistics 
prevent any further analysis, such as spin and parity assignments from angular distributions.
5.2 Break-up channels studied via 10B + 12C
Obtained in April 2005 at ANU using the second experimental set-up described in Section 3, 
many reaction channels were populated, including three- and four-body final state channels, 
amongst the wealth of raw coincident data. In this section, alter looking at the nuclide SB, 
the results will be presented according to the final state channel, as opposed to the resonant 
nuclide reconstructed Irom a certain combination ol those final state particles. Further to 
that, the A =  10 — 11 break-up channels will be focused on.
5.2.1 4H e + 6Li coincidences
From all 4He-f6Li coincidences the missing momentum was reconstructed as a 12C nucleus 
(final state channel Q =  —4.461 M eV). This was done assuming the 6Li was formed in 
its ground state. The reconstructed Q-value spectrum for this combination of final state 
particles is included in Fig. 5.7, plotted in sub-figures according to the different telescope 
combinations in which the 4He and 6Li were detected (as described in the figure caption). 
No counts were observed for double hits in T2 and the spectrum is thus not shown here. For 
a coincidence to be accepted when the two particles are in different telescopes there must be 
a strict m =  1 multiplicity condition in both the DSSSD and PSSSD stages of the respective 
telescopes. Similarly, when both particles are in the same telescope there must be a strict 
m =  2 condition in both stages of the telescope.
Several clear Q-value peaks are observed in Fig. 5.7, labelled Qggg and Qgg, which corre­
spond to the recoil 12C being produced in the ground, 4.4389MeV (2+ ), 7.6542MeV (0+ ), 
9.641 MeV (3~) and 14.08 MeV (4+ ) states. In sub-figures 5.7a, 5.7b, 5.7e and 5.7f the 
strongest peak is due to the 12C ground state. For 5.7c and 5.7d the largest peak is instead 
the 4.4389 MeV 2+ state. Common to all of the Q-value spectra is the low population of the 
7.6542 MeV 0+ 12C state. Population of the 14.08 MeV 4+ 12C state increases as the possible 
10B* scattering angle for each telescope combination increases. For the higher excitation 12C 
Q-value peaks the background contribution is comparable to or greater than the reaction 
contribution. As can be seen in Fig. 5.7 the centroids of the different Qggg peaks shift a small 
amount compared to the reaction Q-value. However, this has comparatively little effect on 
the relative energies, and subsequently excitation energies, reconstructed from the final state
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Figure 5.7: Reconstructed Q-value spectra for the 12C(10B,4He6Li)12C reaction channel, 
(a) for 4He+6Li coincidences detected in telescopes T3 and T4, respectively, (b) for T4 and 
T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) for both 
in T3 and (f) for both in T4. The peak marked Qggg is due to counts with the 12C in its 
ground state and the peaks labelled as Qgg correspond to various excited states of 12 C.
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F ig u r e  5 .8 : E nergy against m om entum  spec tra  for recoils associated w ith th e  break-up 
fragm ents 6Li and  4He. (a) for 4H e+ 6Li coincidences detected  in telescopes T3 and T4, 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T 2 coincidences, (e) for bo th  in T3 and  (f) for b o th  in T4.
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particles (as noted later in this section). This Q-value shift is most significant for T2 and T3 
coincidences. The energy resolution of the Qggg peaks is typically around 1 MeV, which is 
small enough for any contributions from the 3.56 MeV 6Li(0+ ;T =  1) second excited state to 
be resolved from that due to the 6Li ground state. No evidence exists for the population of 
6Li(0+ ;T =  1) in the 4He+6Li coincidences data. Attention here shall focus on the coincident 
events contained in the Qggg peak.
The Catania plot for this channel is shown in Fig. 5.8. Clearly visible in all of the sub­
figures are loci corresponding to mass 12 a.m.u. particles. This along with the peaks observed 
in Fig. 5.7 confirm the presence of the 12C(10B,4He6Li)12C reaction channel. The range of 
missing momentum observed in each individual sub-figure reflects the particular combination 
of detector telescopes used, with T3-T4 pairs, both in T3 or T4, and T2-T3 pairs allowing 
progressively larger reconstructed 12C scattering angles. The Catania plots also show the 
presence of reactions from an 160  target contaminant, with loci seen below the Qggg lines 
corresponding to A=16 recoils and hence the 16O (10B,4He6Li)16O reaction channel.
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Figure 5.9: Plo ts of 4He-6Li relative energy against 4H e-12C relative energy associated  w ith 
6Li-t-4He coincidences, gated  on th e  ap p rop ria te  Qggg peak. Vertical lines correspond to  160* 
sta te s  and horizontal lines to  10B* sta tes, (a) for T3 and  T4 4H e+ 6Li coincidences and (b) 
for T4 and T3 coincidences.
Gating on the Qggg peaks in Fig. 5.7 allow the reaction 12C(10B,4He6Li)12C(g.s.) to 
be selected. What the total energy and Catania spectra combined show is the final state 
particles present, not the correlations between those particles. For example, in the current 
channel the final state interaction may be between the 4He+6Li, 4He+12C or the 6Li+12C
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pairs, with those pairs being the fragments due to break-up of 10B*, 160*, or 18F* resonances, 
respectively. To ascertain the final state correlations a plot of relative energy (calculated from 
the relative velocities of the respective fragments) between one pair of particles against relative 
energy between another pair of particles can be used. Only two of the telescope combinations 
exhibited correlations apart from between the detected 4He+6Li and those relative energy 
plots are included in Fig. 5.9. When the 4He and 6Li are detected in T3 and T4 vertical 
relative energy lines corresponding to the 4He+12C decay of 160* states are seen. These lines 
can be associated with excitation energies in 160  of approximately 10.4, 11.4, 15.0, 16.7 and 
21.0 MeV. The first line can be associated with the 10.356 MeV (4+ ) state and the second 
with one of the 11.08 (3+), 11.097 (4+ ), 11.52 (2+) or 11.6 MeV (3_ ) states. Those lines seen 
at higher excitation are harder to assign to certain states due to the level density at those 
energies. Break-up of 16O* states to 4He+12C is also seen proceeding to the 12C 4.4389 MeV 
(2+) level. Due to the greater number of correlated counts in the 4He-6Li relative energy 
lines the break-up of resonant 10B* states to 4He+6Li will be focussed on in this final state 
channel.
After gating on the Qggg peaks and subsequently removing any unwanted correlations 
the 10B excitation energy for 4He+6Li break-up can be reconstructed. Excitation energy 
spectra for 4He+6Li break-up of 10B are shown in Fig. 5.10. When the 4He+6Li coincidences 
are detected in telescopes T3 and T4 (sub-fig. 5.10a) excitation energy peaks are observed 
at 7.03, 7.93, 8.72 and 12.91 MeV. The excitation energies typically have statistical uncer­
tainties of 15keV or less (as discussed in Section 4.4). This is similarly so for all telescope 
combinations, in all final state channels. The excitation energy range starts, at ^6.6 MeV, 
well above the alpha decay threshold of 4.461 MeV and continues up to very high energies, 
~30.0 MeV. There is also tentative evidence for the presence of a 13.9 MeV peak. The dashed 
curve overlaid on the spectrum represents the 4He+6Li detection efficiency calculated for this 
telescope combination, with the peak efficiency labelled (this is similarly so for all other 
sub-figures in Fig. 5.10). The detection efficiencies were simulated using the Monte Carlo 
code RESOLUTIONS [104], which can provide predicted experimental detection efficiencies 
and excitation energy resolutions. RESOLUTIONS achieves this by simulating the desired 
two-body reaction (using kinematics and a certain centre of mass resonant particle scattering 
angle distribution), the isotropic centre of mass distribution for the sequential decay of that 
resonant particle into the decay fragments, and the subsequent detection of those fragments 
with the appropriate solid angle coverage and detection energy thresholds for the telescopes 
used. Visually applying the simulated efficiency to the excitation energy spectrum indicates 
that the 7.93 MeV state has a similar 4Iie-f6Li break-up cross section to the 8.72 MeV state,
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(a) (b)
(c) (d)
(e) (f)
F ig u r e  5 .10 : R econstructed  excita tion  energy spec tra  for th e  6L i+ 4He decay of 10B observed 
in th e  12C (10B,4He6L i)12C reaction  channel and  gated  on th e  Qggg peak, w ith  unw anted 
160*  correlations removed, (a) for 4H e+ 6Li coincidences detected  in telescopes T3 and T4 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for bo th  in T3 and  (f) for bo th  in T4. Dashed curves represent sim ulated 
detection  efficiencies, w ith peak values labelled (see Sect. 5.2.1).
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with the 7.03 MeV state population far exceeding those states. The broader 12.91 MeV state 
is at approximately the peak detection efficiency and its population is thus exaggerated rel­
ative to the other states seen. Also, all of the observed peaks appear to be on top of an 
asymmetric broad background, peaked at approximately 10 MeV, with a high energy tail 
extending to the end of the excitation energy range.
The excitation spectrum in sub-fig. 5.10b, 4He+6Li in T4 and T3, shows peaks at 7.03, 
8.68 and 12.83 MeV, with the excitation energy range covering 6.6 to 30.0 MeV. The 7.93 MeV 
peak present in sub-fig. 5.10a is unresolved in this detector combination and appears as a 
slight shoulder to the left of the 8.68 MeV peak. Again, the simulated detection efficiency 
peaks at around 13.0-14.5 MeV (although with a higher peak efficiency of 6.1%) and is 
considerably lower around the 7.03 MeV state, limiting the number of counts detected from 
this state. All of the peaks seen appear on top of a broad asymmetric background, that peaks 
at approximately 10 MeV, with a high energy tail. As would be expected the excitation energy 
spectra in sub-figures 5.10a and 5.10b are very similar, with the main differences being the 
clear presence of a 7.93 MeV peak and possible 13.9 MeV peak in 5.10a that are not present 
in 5.10b. For the tentative 13.9 MeV state this difference is evidence against its population.
For 4He in T2 and 6Li in T3, sub-fig. 5.10c, peaks can be noted at 5.0, 5.85, 6.37 and 
6.77 MeV. In sub-fig. 5.10d, T3 and T2 coincidences, one can pick out peaks at 5.0, 5.86, 
6.37 and 6.78 MeV. The excitation energy range covered in both spectra extends from 4.9 
to 20.0 MeV, with no discernible features above 7.0 MeV and the peaks observed on top of 
a smoothly varying broad background. Both telescope combinations have similar simulated 
efficiency lineshapes, with the T2-T3 combination having double the peak efficiency and con­
sistently larger efficiencies at higher energies. After taking into account the relative detection 
efficiencies the peak at 5.85 MeV has a far greater population by a considerable amount than 
the other peaks seen, with the 5.0 MeV state exhibiting a larger population than the 6.37 
and 6.77 MeV states.
When the two break-up fragments are detected in the same telescope the observed exci­
tation energy spectra begin, at 4.5 MeV, just above the alpha decay threshold. In the case 
of both hits in T3 (sub-fig. 5.10e) clear peaks are seen at 4.73, 5.08, 6.00 and 6.53 MeV, 
with the possibility of a peak at ~6.9MeV. Virtually no counts are seen at excitations above 
8 MeV. Allowing for the fact that the peak detection efficiency is at a lower energy, the state 
at 6.00 MeV is populated relatively far more strongly than the other states, in keeping with 
what was seen for the T2 and T3 combinations. For double hits in T4 (sub-fig. 5.10f) 4.73, 
5.06 and 5.94 MeV peaks are seen, with the possibility of an unresolved ~6.5MeV peak. 
With a very similar efficiency lineshape the comments regarding the relative populations of
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the states in 5.10e hold true for 5.10f.
Present Tabulations of Ref. [105] Adopted
Telescopes E ,^ (MeV)ft Ex (MeV) Width (keV) J ;T Ex (MeV)6
T3-T3, T4-T4 4.73 4.774 8.4 eV 3+;0 4.73
T3-T2, T2-T3 5.0 5.11 0.98 2~;0
T4-T4 5.06 5.07
T3-T3 5.08
T2-T3 5.85 5.92 6 2+;0
T3-T2 5.86 6.025 0.05 4+;0
T4-T4 5.94 6.127 2.36 3 ";0 5.97
T3-T3 6.00
T3-T2, T2-T3 6.37 6.56 25.1 4“ ;0
T4-T4 (6.5)
T3-T3 6.53 6.53
T2-T3 6.77 6.873 120 1 - 0  +  1
T3-T2 6.78 7.002 100 (3+);0
T3-T3 (6.9)
T3-T4, T4-T3 7.03 7.03
T3-T4 7.93 7.75 210 2“ ; 0 +  1 7.93
7.96 285 T =  0
8.07 800 (2+);(0)
T4-T3 8.68 8.68 rs 220 (3+);0 8.70
T3-T4 8.72
T4-T3 12.83 12.56 100 ( 0 + 1 + 2 + ) 12.87
T3-T4 12.91 13.49 300 (0+.1+.2+)
T3-T4 (13.9) 14.4 800 (0+, 1+, 2+)
Table 5.1: Excitation energies for the states observed in the 4He+eLi(gs) break-up of 10B, 
along with selected known levels from the tabulations of Ref. [105]. a Peak centroid statistical 
uncertainties from fitting are typically 15 keV or less. b Adopted energies, with uncertainties 
of 100-150keV, are discussed in Section 6.4.
It should be noted that all of the excitation energies listed were obtained by using varying 
background ranges, different background polynomial orders, and number of peaks fitted at 
one time. This procedure will be followed in all subsequent reaction channels. Presented in 
Table 5.1 are the states observed in 10B via 4He+6Li break-up (with the detector telescope
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combinations listed following the naming convention used in the associated figures). A good 
comparison between the peaks observed in T3 and T4 combinations and those of the com­
pilation (discussed in Section 6.4) show that the excitation energy values found are reliable 
for those telescope combinations. It was noted earlier that the Qggg peaks for T2 and T3 
coincidences are shifted compared to the other telescope combinations and the associated 
effect on the relative energies reconstructed from those coincidence combinations is clearly 
noticeable by examination of Table 5.1. From the states observed both in (T2,T3) spectra 
and other more certain combinations it can be seen that those obtained from (T2,T3) com­
binations are consistently ~150keV below those coming from the other combinations. To 
illustrate this point Fig. 5.11 graphically compares the excitation energies obtained from the 
different telescope combinations. Thus, for other final state reaction channels it will need to 
be kept in mind that the observed excitation energies will be subject to a shift for T2 and 
T3 combinations.
MeV
Figure 5.11: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+6Li(gs) decay of 10B. For each telescope combination the 4He 
telescope is listed first. Selected compilation values taken from Ref. [105].
To check the validity of the excitation energy peaks seen in Fig. 5.10, relative energy 
spectra and plots of excitation energy calculated from (£ , 0) of the resonant particle against 
the reconstructed excitation energy (Fig. 5.10) can be utilised. These are included in Fig. 5.12 
and Fig. 5.13, respectively. Figure 5.12 exhibits horizontal lines corresponding to all of the 
clear peaks seen in the excitation energy spectra (Fig. 5.10). Also, in sub-figures 5.12e and 
5.12f one can see that the uncertain peaks at ~6.5 and ~6.9 MeV, respectively, have very faint
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F ig u r e  5 .12 : P lo ts of 4He-6Li relative energy against 4H e-12C relative energy, gated  on 
the  12C ground s ta te  Q -value peak and  w ith unw anted 160*  correlations rem oved, (a) for 
4H e+ 6Li coincidences detec ted  in telescopes T3 and T4 respectively, (b) for T4 and T3 
coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and T2 coincidences, (e) for bo th  in 
T3 and (f) for bo th  in T4.
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F ig u r e  5 .13 : 10B excita tion  energy calculated  from (E ,9 ) versus excita tion  energy recon­
s tru c ted  from relative energy for th e  6L i+ 4He decay of 10B, gated  on th e  12C ground s ta te  
Q-value peak and w ith unw anted 160* correlations removed, (a) for telescopes T3 and T4 
coincidences, (b) for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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correlated lines at low 4He-12C relative energies. It was noted that the peaks observed for T3 
and T4 combinations apparently were on top of a large background and this appears to be 
backed up by what is seen in sub-figures 5.12a and 5.12b. However, the narrow straight line 
extending from ~7.0 to ~23.0MeV in sub-fig. 5.13a shows that the counts underneath the 
peaks in sub-figures 5.10a and 5.12a are in fact genuine 10B* or 6Li+4He two-body continuum 
events and not background. A <~7.0 to ~25.0MeV line in sub-fig. 5.13b provides evidence for 
the same conclusion with respect to sub-figures 5.10b and 5.12b. The other plots in Fig. 5.13 
support the comments about Figures 5.10 and 5.12.
5.2.2 7B e + 1H  coincidences
This reconstruction was performed assuming the detected 7Be was formed in the ground state 
and not the 1 /2" first excited state. The Q-value plot for all 7Be+1H coincidences is included 
in Fig. 5.14.
Figure 5.14: Reconstructed reaction Q-value spectra for the 12C(10B,1Ii7Be)14C reaction 
channel, from all 1H+7Be coincidences detected in any telescopes. The peak marked Qgg is 
due to counts with the 14C in one or more of its excited states between 6 and 7 MeV.
The Q-value peak seen, labelled Qfl5, does not correspond to the 14C ground state reaction 
Q-value, but instead to a 14C excitation energy of approximately 6.5 MeV. There are five 
known 14C states between 6 and 7 MeV [106] that could have been populated, but the most 
likely candidate is the preferential population of the 3-  state at 6.72 MeV, which is consistent 
with earlier work in the 2n transfer reaction channel 12C(10B,8B)14C [107] and arises from 
the better kinematic matching for the higher L transfer of the two neutrons [108]. Further 
to the RPS technique described in Section 4, the 2005 ANU experimental set-up utilised 
allows extra kinematic constraints to be applied to the data, potentially reducing the false 
coincidence and many-body background in the Q-value spectra and thus enabling low cross 
section reaction channels to be analysed. The coincident recoil ions in the reaction channels of
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interest are typically of low energy and stop in the A E stage of the telescopes, the DSSSD, and 
therefore do not appear in the PI spectra. However, due to the double-sided and segmented 
nature of the A E stage, for single hits a comparison between the energies from the front 
and back strips gives a measured recoil energy and the positions of the front and back strips 
hit give a pixel and thus an angle of the recoil particle, each with a certain resolution. The 
detected recoil energy and angle can be compared to the values reconstructed from the missing 
momentum and then software gates can be applied to select genuine recoils, thus enabling 
complete kinematic reconstruction with the detection of all the final state particles, provided 
the recoil particle hits one of the telescopes in coincidence with all of the other necessary 
break-up fragments. One such low cross section reaction channel that could benefit from this 
additional technique is the 'B e+ 1H break-up of 8B. As such the three detector telescopes 
used were optimally positioned for this channel.
Reconstructed C Energy / MeV 
(a)
Reconstructed 14C Energy / MeV 
(b)
Figure 5.15: Detected energy against reconstructed energy for recoils associated with the 
break-up fragments ^-h'Be, gated on the Qgg peak, (a) for recoil hits in telescope T3 and 
(b) for T4 hits.
For ' B e A ^  coincidences, after gating on the Q-value peak seen in Fig. 5.14, plots of 
detected recoil energy versus reconstructed recoil energy were produced for recoil hits in 
telescopes 3 and 4. These plots are included in Fig. 5.15. Clear straight lines show that 14C 
recoils are being detected in both A E detectors. Knowing that 14 C recoils are being detected 
it is possible to back project the associated Q-value spectra, shown in Fig. 5.16, by placing 
software gates on the lines observed in the recoil energy plots (Fig. 5.15), ensuring that the 
gates cover the full recoil energy range necessary for detecting all of the 8B excitation region 
of interest. These Q-value plots show a clear improvement in the peak to background ratio of
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F ig u r e  5 .16 : R econstructed  reaction  Q -value sp ec tra  for the  12C (10B ,1H7B e)14C reaction 
channel gated  on 14C recoil energy lines. T he peaks m arked and Qggg are  due to  counts 
w ith th e  14C a t approxim ately  6.5 MeV excita tion  and  in its ground s ta te , respectively, (a) 
for recoil h its in telescope T3 and (b) for T4 hits.
the Qgg peak and also now reveal the Qggg peak in 5.16b. For further improvement one can 
look at the detected recoil angle against reconstructed recoil angle after gating on the lines 
seen in the recoil energy plots in Fig. 5.15. The recoil angle spectra are shown in Fig. 5.17.
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F ig u r e  5 .17 : D etected angle against reconstructed  angle for recoils associated  w ith the 
break-up fragm ents 'B e , ga ted  on th e  recoil energy lines, (a) for recoil h its in telescope 
T3 and  (b) for T4 hits.
A clear broad line can be seen in 5.17b and a possible very faint line in 5.17a. Further 
gating the Q-value spectra (Fig. 5.16) on these lines produces Fig. 5.18. Gating on the energy 
and angle recoil plots clearly improves the peak to background ratio of both the Qgg peak and 
the Qggg peak. Although with low statistics, 12C (10B,1H7Be)14C reaction channel counts can
5.2. Break-up channels studied via 10B + 12C 101
(a) (b)
F ig u r e  5 .18 : R econstructed  reaction  Q -value spec tra  for the  12C (10B ,1H 7B e)14C reaction 
channel gated  on 14C recoil energy and angle lines. T he peaks m arked Qgg and  Qggg are 
due to  counts w ith  the  14C a t approx im ately  6.5 MeV excitation  and  in its ground s ta te , 
respectively, (a) for recoil h its in telescope T3 and  (b) for T4 hits.
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F ig u r e  5 .19 : Energy against momentum spectra for recoils associated with the break-up 
fragments 1H+7Be, gated on the recoil energy and angle lines, (a) for recoil hits in telescope 
T3 and (b) for T4 hits.
be cleanly identified. This is true slightly less so for when the recoil is detected in telescope 
3, where the Qggg peak is only just visible. For both telescopes the 14C recoil is populated far 
more in the 3“  6.72 MeV state than its ground state. The difference in populations of the Qggg 
peak in 5.18a and 5.18b is due to the respective angular coverages of the telescopes the recoil 
is detected in. In comparison with Fig. 5.14 these Q-value spectra clearly show that gating 
on the properties of the missing recoil particle can potentially provide vast improvements. 
As a final check of the missing particle assignment a Catania plot can be produced, as shown
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in Fig. 5.19. The loci present in these spectra confirm the A=14 assignment for 
particle.
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F ig u r e  5 .20 : P lo ts of : H-' Be relative energy against 1H -14C relative energy, ga ted  on the 
14C ground s ta te  and Qgg Q-value peaks, and also on the  recoil energy and  angle lines, (a) 
for recoil h its in telescope T3 and  gating  on th e  Qggg peak, (b) for T4 and  gating  on the 
Qggg peak, (c) for T3 and  gating  on th e  Qgg peak and (d) for T4 and  gating  on the Qgg 
peak.
Drawing a tight gate around the Qgg and Qgqg peaks to select the 12C (10B,1H7Be)14C 
channel allows the relative energy between one pair of final state particles to be plotted against 
the relative energy between another pair. These are included in Fig. 5.20. Correlations 
between the detected proton and 7Be can be clearly seen in 5.20b to 5.20d at low relative 
energy, only 5.20a does not exhibit any obvious lines. Sub-figure 5.20b also shows faint vertical 
lines which correspond to 15N* proton decaying states, with the peak centroids at 10.78, 11.47
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and 12.19 MeV. In this channel it is the *11-'Be correlations and thus SB* resonant states 
that are of interest. The 8B excitation energy spectra, after gating out 15N* lines where 
appropriate, are shown in Fig. 5.21.
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F ig u r e  5 .21 : Reconstructed excitation energy spectra for the 1H+7Be decay of 8B observed 
in the 12C(10B,1H'Be)14C reaction channel, gated on the Qggg and Qgg peaks and also on 
the recoil energy and angle lines, with unwanted 15N* correlations removed, (a) for recoil 
hits in telescope T3 and gating on the Qggg peak, (b) for T4 and gating on the Qggg peak, 
(c) for T3 and gating on the Qgg peak and (d) for T4 and gating on the Qgg peak. Dashed 
curves represent simulated detection efficiencies, with peak values labelled (see Sect. 5.2.1).
One can clearly see two peaks at low energies, consistent between the different sub-figures, 
on top of a relatively low background, with few counts at higher excitation energies. The 
centroids of the peaks, and under what gating conditions they are seen, are summarised in 
Table 5.2. The simulated efficiency profiles overlaid on the excitation energy spectra appear 
to show that the lack of higher excitation counts is not due to negligible detection efficiency 
at those energies. As a visual aid to the comparison of the excitation energies obtained from 
the different gating conditions Fig. 5.22 was produced. To check the validity of the peaks 
seen in Fig. 5.21, and to rule out the presence of higher lying broad resonances, plots of
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excitation energy calculated from the (£ , 0) of the reconstructed resonant particle against 
the excitation energy from Fig. 5.21 were produced (not shown here). These plots confirm 
the presence of the peaks observed in Fig. 5.21 with features seen at the correct energies. 
However, they prove inconclusive as to whether there are counts present from the population 
of the 3.5 MeV 2~ state [21],
Present Tabulations of Ref. [9]
Gating Ex (MeV)a Ex (MeV) Width (keV) J\T
Q<73<7> ^ 0.77 0.7695 37 1+;1
Q 59 > 0.78
Qggg> ^ 2.31 2.32 350 3+;l
Qgg> ^3 2.37
Qggi 2.38
Table 5.2: Excitation energies for the states observed in the 1H+7Be break-up of 8B, along 
with selected known levels from the tabulations of Ref. [9]. T3 and T4 refer to gating on 
the recoil energy and angle plots for that particular telescope. a Peak centroid statistical 
uncertainties from fitting are typically 15 keV or less.
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Figure 5.22: Graphical comparison of the 8B excitation energies obtained from the different 
gating conditions. Selected compilation values taken from Ref. [9].
5.2.3 4He-(-3H e + 1H coincidences
Knowing that the recoil energy and angle gates drawn for the 1H +7Be decay of SB channel 
cover the full recoil energy range necessary for detecting all of the 8B excitation region of 
interest allows those gates and the same method to be applied to the 4He+3He+1H break-up 
8B channel. After applying the appropriate recoil energy and angle gates to all 4He+3He+1H 
coincidences the Q-value spectra in Fig. 5.23 were obtained. However, apparently none of
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the Qggg peak counts give a reconstructed, from the 4He and 3He fragments, 7Be excitation 
energy of less than 4 MeV. As such, any 4He+3He+1H coincidences that give a 7Be excitation 
energy of less than 4 MeV can be excluded from the analysis. Also, no clear peak indicating 
a discrete resonant state is in seen in the reconstructed 7Be excitation energy. These gated 
Q-value spectra are shown in Fig. 5.24.
(a) (b)
Figure 5.23: Reconstructed reaction Q-value spectra for the 12C(10B,4He3Iie1H)14C reac­
tion channel with 14C recoil energy and angle gates applied, (a) for recoil hits in telescope T3 
and (b) for T4 hits. The peak marked Qggg is due to counts with the 14C at approximately 
6.5 MeV excitation.
(a) (b)
Figure 5.24: Reconstructed reaction Q-value spectra for the 12C(10B,4He3He1H):L4G reac­
tion channel with 14C recoil energy and angle gates applied, where the 7Be excitation energy 
is greater than 4 MeV. (a) for recoil hits in telescope T3 and (b) for T4 hits. The peak 
marked Qggg is due to counts with the 14C at approximately 6.5 MeV excitation.
There is no loss of Qggg peak counts compared to Fig. 5.23, therefore the analysis will 
continue with the 7Be excitation restricted data. The counts seen can also be plotted accord­
ing to whether the 4He and 3He punch-through or stop in the PSSSD stage of the telescopes,
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Figure 5.25: Reconstructed reaction Q-value spectra for the 12C(10B,4He3He1H)14C re­
action channel with T3 14C recoil energy and angle gates applied, separated according to 
whether the 4He and 3He punch-through or stop in the PSSSD, and where the 7Be excita­
tion energy is greater than 4 MeV. (a) for both 4He and 3He punching through, (b) for 4He 
punching through and 3Iie stopped, (c) for 3He punching through and 4He stopped, and (d) 
for both stopped. The peak marked Qggg is due to counts with the 14C at approximately 
6.5 MeV excitation.
corresponding to different energy ranges of the 4He and 3He. Four different combinations of 
punched-through and stopped can be plotted. These combinations for T3 recoils are shown 
in Fig. 5.25 and for T4 are included in Fig. 5.26. For T3, only sub-figure 5.25d, both 4He 
and 3He stopped in the PSSSD, exhibits a Q-value peak, the Qggg peak where the 14C recoil 
is at approximately 6.5 MeV excitation (which most likely corresponds to the 3~ 6.72 MeV 
state [107]). Likewise for T4, only sub-figure 5.26d exhibits Q-value peaks. However, in this 
spectrum both the 14C 6.72 MeV state and the ground state are seen. The presence of the 14C 
ground state peak in 5.26d and not in 5.25d is due to the respective angular coverages of the 
telescopes the recoil is detected in. The corresponding Catania plots are shown in Fig. 5.27 
and Fig. 5.28 for T3 and T4, respectively. Confirming what was seen in the Q-value spectra,
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Figure 5.26: Reconstructed reaction Q-value spectra for the 12C(10B,4He3He1H)14C re­
action channel with T4 14C recoil energy and angle gates applied, separated according to 
whether the 4He and 3He punch-through or stop in the PSSSD, and where the 7Be excita­
tion energy is greater than 4 MeV. (a) for both 4He and 3He punching through, (b) for 4He 
punching through and 3He stopped, (c) for 3He punching through and 4He stopped, and 
(d) for both stopped. The peaks marked Qggg and Qgggg are due to counts with the 14C at 
approximately 6.5 MeV excitation and in its ground state, respectively.
only sub-figures 5.27d and 5.28d have visible A=14 lines. From this point, only those spectra 
gated on both the 4He and 3He fragments stopping in the PSSSD will be considered in the 
analysis.
By gating on the Qggg and Qgggg peaks seen one can produce plots of *H and reconstructed 
7Be* relative energy against 1H-14C relative energy, these are included in Fig. 5.29. No 
horizontal or vertical lines are visible in any of the combinations, indicating that there are 
no correlations between the 4H and narrow 7Be* resonances and no 15N* proton decaying 
resonances present. To check for the possibility of broad overlapping resonances in 8B, that 
decay via similarly broad states in 7Be, plots of 8B excitation energy calculated from the 
(£ , 9) of the reconstructed resonant particle against the excitation energy from the relative
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Figure 5.27: Energy against momentum spectra for recoils associated with the break-up 
fragments 4He, 3He and 1H, with T3 14C recoil energy and angle gates applied, separated 
according to whether the 4He and 3He punch-through or stop in the PSSSD, and where the 
7Be excitation energy is greater than 4 MeV. (a) for both 4He and 3He punching through, (b) 
for 4He punching through and 3He stopped, (c) for 3He punching through and 4He stopped, 
and (d) for both stopped.
energy between the 4He, 3He and 1H were produced. These excitation energy plots are shown 
in Fig. 5.30. To aid visualising any lines, due to the low statistics, the spectra shown were not 
gated on the Q-value peaks, just the recoil energy and angle and both 4He and 3He stopped 
in the PSSSD conditions. Although very faint there are definite lines in both figures, for 
both the Qggg and Qgggg peak, confirming the presence of 4He+3He+1H decays of 8B or the 
4He+3He+1H three-body continuum, without any discrete narrow resonances.
However, one can make further software cuts to try to improve the data. From 5.27d
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F ig u r e  5 .28 : Energy against m om entum  spec tra  for recoils associated w ith  th e  break-up 
fragm ents 4He, 3He and : H, w ith T4 14C recoil energy and angle gates applied, separa ted  
according to  w hether th e  4He and  3He punch-through  or stop  in th e  PSSSD, and  w here the 
7Be excitation  energy is g rea ter th an  4 MeV. (a) for b o th  4He and  3He punching th rough , (b) 
for 4He punching th rough  and 3He stopped , (c) for 3He punching th rough  and 4He stopped, 
and  (d) for b o th  stopped.
and 5.28d one can see that a large fraction of the background counts are associated with 
low missing momentum. By gating out this low momentum background there is a potential 
improvement in the clarity of the two-dimensional excitation energy plots. Q-value spectra 
produced after gating out the low momentum background, for when both the 4He and 3He 
stop in the PSSSD only, are included in Fig. 5.31. In both spectra the Q-value peaks are 
noticeably clearer, indeed, in 5.31b the Qgggg peak is now visible whereas previously in 5.25d 
it was not. Along with this improvement in peak clarity there is an approximate 10% loss in
5.2. Break-up channels studied via 10B + 12C 110
E
(a)
1H - 14C Relative Energy /  MeV
(c)
(b)
1H - 14C Relative Energy /  MeV
(d)
F ig u r e  5 .29 : P lo ts of ^ - 'B e *  relative energy against : H -14C relative energy (w ith recoil, 
Q -value and 1 Be excita tion  gates applied) w here bo th  4He and 3He stop  in th e  PSSSD. (a) 
for 14C in T3 and the  Q g g g g  peak, (b) for T3 and  Q g g g ,  (c) for T4 and Q g g g g , and  (d) for T4 
and Q g g g -
F ig u r e  5 .30 : hB excita tion  energy calculated  from (E ,9 ) versus excitation  energy (relative 
energy) for th e  4H e+ 3H e + 1H decay of 8B (w ith recoil and 7Be excitation  gates applied), 
w here bo th  4He and 3He stop  in th e  PSSSD. (a) for 14C in T3, and (b) for 14C in T4.
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(a) (b)
Figure 5.31: Q-value spectra for the 12C(10B,4He3He1H)14C reaction channel (with recoil 
and 7Be excitation gates applied), gating out low missing momentum counts in the associated 
Catania plots and where the 4He and 3He both stop in the PSSSD. (a) for 14C in T3, and 
(b) for 14C in T4.
B Excitation E n erg y  (E™*) /  M e V  
(a)
B Excitation E n ergy (E™.) /  M e V
(b)
Figure 5.32: 8B excitation energy calculated from (E,6) versus excitation energy (relative 
energy) for the 4He+3He+1H decay of SB (with recoil and 'Be excitation gates applied), 
gating out low missing momentum counts in the associated Catania plots and where both 
4He and 3He stop in the PSSSD. (a) for 14C in T3, and (b) for 14C in T4.
peak counts.
Associated with the Q-value spectra are the excitation energy (E, 6) versus excitation 
energy (relative energy) plots (Fig. 5.32). In comparison to Fig. 5.30 these spectra show 
that the correlated lines now extend across the entire excitation energy region seen. For T3 
the excitation energy range populated is ~6 to 20 MeV, whilst for T4 it is ~5 to 29 MeV. 
These lines show that the 8B broad overlapping resonances or the 4He+3He+1H three-body 
continuum populated are done so apparently uniformly from low to very high excitation.
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5.2.4 4H e + 4H e + 2H coincidences
The analysis of 4He+4He+2H coincidences was separated according to whether the two a 
particles can be reconstructed to form a 8Be(gs) count or not. When a 8Be(gs) cannot be 
reconstructed those events can include 8Be* and 6Li* counts. Those events that give a 8Be(gs) 
count will be looked at first. For those events meeting that criterion the Q-value spectra are 
shown in Fig. 5.33. As the requirement of a 8Be(gs) count restricted the two a particles to be 
detected in the same telescope the Q-value counts plotted were separated according to which 
telescopes the deuteron and 8Be were detected in. When one, two or three particles were 
detected in the same telescope a strict m — 1, 2 or 3, respectively, multiplicity condition was 
applied to both the DSSSD and PSSSD stages of that telescope. In these spectra several clear 
Q-value peaks can be observed, which are labelled Qgggg and Q,ggg, which correspond to the 
recoil 12C being produced in the ground and 4.4389 MeV (2+ ), 9.641 MeV (3“ ) and 14.08 MeV 
(4+) states, respectively. In Fig. 5.33 the strongest peak is the Qgggg peak, apart from in 
the T2 and T3 combinations where it is the peak due to the 4.4389 MeV 12C state. This is 
very similar, as could be expected, to the 6Li+4He break-up of 10B channel (Section 5.2.1). 
The main difference is the apparent absence of a peak due to the 7.6542 MeV 0+ 12C state. 
For (T2,T3) and (T3,T4) combinations (5.33a to 5.33d) a very good peak to background 
can be seen for the Q-value peaks, whereas when all three particles are detected in the same 
telescope the background contribution is comparable to or greater than the genuine reaction 
contribution. For the case of all three particles going in T3, 5.33e, a large broad peak is 
present at approximately -2.5 MeV. This peak is believed to be due to high energy protons 
slipping into the deuteron particle identification software window and is well resolved from 
the peaks of interest, and as such will not interfere with further analysis. The centroids of 
the Qgggg peaks in Fig. 5.33 can be seen to shift relative to the reaction Q-value, with the 
difference most pronounced for T2 and T3 coincidences as was the case with the 6Li+4He 
channel.
For 4He+4He+2H coincidences the associated Catania plots are included in Fig. 5.34. 
Loci corresponding to mass 12 a.m.u. particles can be clearly seen in all of the telescope 
combinations. This mass assignment confirms the presence of 12C(10B,4He4He2H)12C reaction 
counts. Unlike the 6Li+4He+12C channel there is no evidence for reactions off of an 160  
contaminant in the target, however, the Catania plots are otherwise very similar to that 
channel in their features. By gating on the Qgggg peaks in Fig. 5.33 events associated with the 
12C(10B,4He4He2H)12C(gs) reaction and a 8Be(gs) are selected. After selecting the desired 
events plots of 2H-8Be relative energy against 2H-12C relative energy were produced and
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(a) (b)
(c) (d)
(e) (f)
Figure 5.33: Reconstructed reaction Q-value spectra for the 12C(10B,4He4He2H)12C reac­
tion channel, gating on a 8Be(gs) count, (a) for 4He+4He+2H coincidences detected with 
2H and 4He+4He in telescopes T3 and T4 respectively, (b) similarly so for T4 and T3 coin­
cidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) for all in T3 
and (f) for all in T4. The peak marked Qgggg is due to counts with the 12C in its ground 
state and the peaks labelled as Qggg correspond to excited states of 12C.
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F ig u r e  5 .34 : E nergy against m om entum  spec tra  for recoils associated w ith  th e  break-up 
fragm ents 4He, 4He and  2H, gating  on a  8Be(gs) count, (a) for 4H e + 4H e+ 2H coincidences 
detec ted  w ith 2H and 4H e+ 4He in telescopes T3 and T 4 respectively, (b) for T4 and T3 
coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and T2 coincidences, (e) for all in 
T3 and  (f) for all in T4.
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F ig u r e  5 .35 : P lo ts of 2H-8Be relative energy against 2H -12C relative energy, gated  on 
th e  reconstructed  8Be(gs) and th e  12C ground s ta te  Q-value peak, (a) for 4H e + 4H e+ 2H 
coincidences detected  w ith  2H and  4H e + 4He in telescopes T3 and T4 respectively, (b) for 
T 4 and  T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and  T2 coincidences, (e) 
for all in T3 and  (f) for all in T4.
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are included in Fig. 5.35. Faint horizontal trends, corresponding to 8Be(gs)+2H decay of 
10B resonances, can be seen in all of the sub-figures. For T3 and T4 combinations (5.35a 
and 5.35b) faint vertical lines are also observed, which correspond to 14N excited states. 
Excitation energies of approximately 11.64, 12.56 and 13.01 MeV for 14N* are seen. The 
observed 11.64 MeV peak can be linked to either of the 11.514 MeV (2+ , 3+) or 11.676 MeV 
(1~, 2~) states, the 12.56 MeV peak can be associated with the 12.495 MeV (1+ ; 1) state or the 
12.594 MeV 3+ state, and the 13.01 MeV peak could be one of the 12.922 MeV 4+ , 13.007 MeV 
and 13.167 MeV 1+ states. From this point onwards the analysis of the 8Be(gs)+2H decay of 
10B resonances will be focussed on.
After gating out the 14N relative energy lines, for Qgggg events, the 10B excitation energy 
was calculated and plotted in Fig. 5.36. When the deuteron is detected in T3 and the 8Be(gs) 
in T4, shown in sub-figure 5.36a, one excitation energy peak is observed at 8.63 MeV. No 
evidence for other peaks in the spectrum is apparent. The excitation energy range starts, 
at 7.5 MeV, well above the deuteron decay threshold, Qthr — —6.0267 MeV, and continues 
up to greater than 16 MeV. The dashed curve overlaid on the spectrum is the 10B break­
up to 8Be(gs)+2H detection efficiency for the experimental set-up used in this spectrum, 
with the peak efficiency at 12 MeV labelled by the arrow. Taking into account the detection 
efficiency the 8.63 MeV particularly stands out, on top of a broad background spectrum 
peaking at approximately 9.5 MeV. The excitation energy spectrum in 5.36b is due to counts 
with the deuteron in T4 and the 8Be(gs) in T3. Again, only one excitation energy peak is 
seen, though this time at an energy of 8.67 MeV, with the excitation energy range covering
7.5 MeV to 20.0 MeV. The simulated efficiency peaks at above 16 MeV, well above the energy 
of the observed peak. The broad background underlying the observed peak is at a maximum 
at around 10 MeV.
For 2H in T2 and 8Be(gs) in T3 (5.36c) peaks can be noted at 6.90, 7.79 and 8.59 MeV. 
The excitation energy extends from just above threshold, 6.5 MeV, up to 16 MeV. Peaking 
at 9.5 MeV the maximum efficiency for this detector combination is low at only 0.16%. The 
background contribution appears to follow the efficiency lineshape, with the three observed 
peaks noticeably standing above this and having similar populations once the relative effi­
ciencies are taken into account. Coincidences detected in T3 and T2 are shown in 5.36d. One 
clear peak can be seen at 6.92 MeV and one somewhat tentative peak at 7.8 MeV. The effi­
ciency curve is similar to the one for T2 and T3 combinations except that the peak efficiency 
is very low at 0.013 %, which is reflected by the very few counts above 12 MeV.
When all three break-up fragments are detected in the same telescope the excitation 
energy spectra begin at the deuteron decay threshold and have very few if any counts above
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Figure 5.36: Reconstructed excitation energy spectra for the 8Be+2H decay of 10B observed 
in the 12C(10B,4He4He2H)12C reaction channel, gating on a 8Be(gs) count and on the Qgggg 
peak, with any unwanted 14N* correlations removed, (a) for 4He+4He+2H coincidences 
detected with 2H and 4He+4He in telescopes T3 and T4 respectively, (b) for T4 and T3 
coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) for all in 
T3 and (f) for all in T4. Dashed curves represent simulated detection efficiencies, with peak 
values labelled (see Sect. 5.2.1).
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11 MeV. For all three hits in T3 (5.36e) two clear peaks are observed at 7.01 and 7.93 MeV, 
with a very small tentative peak at 8.76 MeV. The very large peak at 6.30 MeV is just above 
the break-up threshold and going on the number of counts in the associated Qgggg peak 
(5.33e), along with its peak to background ratio, and comparing this with the number of 
counts in the other peaks seen in the excitation energy spectrum the majority of the counts 
in this 6.30 MeV peak cannot be from a genuine 10B state. As such, the 6.30 MeV peak is 
unlikely to be due to the genuine break-up of 10B. The shape of the underlying background 
in the excitation energy spectrum follows the efficiency curve shape, with the peaks at 7.01 
and 7.93 MeV having approximately equal populations when that efficiency curve is taken 
into account. In the case of the three fragments being in T4 (5.36f) peaks can be picked 
out at 6.97 and 7.83 MeV. Although the argument concerning the number of counts in the 
observed peaks and the Qgggg peak is not so applicable for this telescope hit pattern, the 
conclusion from the previous hit pattern must make the peak observed here at 6.30 MeV 
equally tentative. Again, the background follows the efficiency lineshape and the 6.97 and 
7.83 MeV have approximately equal populations.
Present Tabulations of Ref. [105] Adopted
Telescopes Ea. (MeV)a Ea (MeV) Width (keV) J\T Ea, (MeV)6
All T3.A11 T4 (6.30) 6.56 25 4 -;0
T2-2T3 6.90 6.873 120 1“ ; 0 +  1
T3-2T2 6.92 7.002 100 (3+ );0
All T4 6.97 6.99
All T3 7.01
T2-2T3 7.79 7.75 210 2 - ; 0 + l
T3-2T2 (7.8) 7.96 285 T =  0
All T4 7.83 8.07 800 (2+);(o) 7.88
All T3 7.93
T2-2T3 8.59 8.68 «  220 (3+);0
T3-2T4 8.63 8.889 84 3 - ; l 8.65
T4-2T3 8.67 8.894 40 2+ ;l
All T3 (8.76)
Table 5.3: Excitation energies for the states observed in the 2H+8Be(gs) break-up of 10B, 
along with selected known levels from the tabulations of Ref. [105]. a Peak centroid statistical 
uncertainties from fitting are typically 15keV or less. b Adopted energies, with uncertainties 
of 100-1501ceV, are discussed in Section 6.4.
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The excitation energies observed in the 8Be(gs)+2H break-up of 10B are listed in Table 5.3, 
along with the telescope combination used to detect those energies. Peaks observed using T3 
and T4 telescope combinations exhibit a good comparison with those of the compilation. The 
energies observed in T2 and T3 combinations can be seen to be approximately 100-150 keV 
below those from other combinations and those of the compilation. This is in keeping with 
what was noted in Section 5.2.1 for the 6Li+4He channel. Interestingly, even though the 
detection efficiency is high enough, there are no states populated above 9 MeV. All of these 
comments are illustrated graphically by Fig. 5.37. The statements about the excitation energy 
spectra above are backed up by consideration of excitation energy (E, 9) versus excitation 
energy (relative energy) values (not shown here). Further to this, it allows the conclusion 
that many of the counts in 5.36a and 5.36b between approximately 9 and 13 MeV are genuine 
10B* or population of the 2H +4He+4He three-body continuum.
MeV
Figure 5.37: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 8Be(gs)+2H decay of 10B. For each telescope combination the 2H 
telescope is listed first. Selected compilation values taken from Ref. [105].
Focus shall now turn to 2H+4He+4He events that do not give a reconstructed 8Be(gs) 
count. For these events the appropriate Q-value spectra are shown in Fig. 5.38. The Q-value 
spectra are separated according to whether one particle is in one telescope with the other 
two in another, or all three particles together in the same telescope. As with the 8Be(gs) 
channel the particular m =  1, 2 or 3 multiplicity conditions were applied according to how 
many particles were detected in each telescope. One can clearly see Qgggg and Qggg peaks in
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Figure 5.38: Reconstructed reaction Q-value spectra for the 12C(10B,4He4He2H)12C re­
action channel, gating on events that do not give a 8Be(gs) count, (a) for 4He+4He+2Ii 
coincidences detected with one fragment in T3 and the other two fragments in T4, (b) sim­
ilarly so for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 
coincidences, (e) for all in T3 and (f) for all in T4. The peak marked Qgggg is due to counts 
with the 12C in its ground state and the peaks labelled as Qggg correspond to excited states 
of 12C.
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all of the telescope combinations. As with the sBe(gs) channel the peaks correspond to the 
recoil 12C being produced in the ground, 4.4389 MeV (2+ ), 9.641 MeV (3“ ) and 14.08 MeV 
(4+ ) states. The peak to background ratio is considerably better for the spectra coming 
from T3 and T4 combinations (5.38a and 5.38b) compared to the rest. Also, in the (T3,T4) 
combinations the Qgggg peak dominates as opposed to the first Qggg peak in the others. As 
was mentioned earlier, gating out 8Be(gs) counts allows both 8Be* and 6Li* resonances to 
be present. To look for these possible correlations plots of 2H-4He[2] relative energy against 
2H-4Hep] relative energy must be utilised (where the [1] and [2] are arbitrary labels of the 
two a  particles). These relative energy plots are included in Fig. 5.39. All of the six spectra 
exhibit horizontal or vertical lines at approximately 700 keV, which correspond to the 6Li 
2.186 MeV 3+ ;0 excited state.
Further analysis will now look at events involving 6Li(2.186, 3+ ;0) counts. This was 
achieved by placing software gates around the 2H-4He relative energy lines, with the resulting 
Q-value plots in Fig. 5.40. The vast majority of the Qgggg and Qggg peak counts seen in 
Fig. 5.38 remain after gating on the 6Li excited state, and as such the peaks in Fig. 5.40 show 
a marked improvement in their peak to background ratio, which is particularly noticeable in 
a small 7.6542 MeV (0+ ) peak now being visible. The same shift pattern in the Qgggg peaks 
that was seen in the 4He+6Li and 8Be(gs)+2H channels is also observed here. Thus, the same 
effect on the excitation energies calculated can be expected. The corresponding Catania plots 
are shown in Fig. 5.41. A mass 12 a.m.u. assignment for the missing recoil is supported by 
the loci seen, with no evidence of reactions on an 160  target contaminant.
With an a  particle and the deuteron being reconstructed as 6Li* the three fragments 
that could possibly be correlated are 6 Li*, 4He and 12C. The plots of 4He-6Li(2.186, 3+ ; 0) 
relative energy against 4He-12C relative energy, after gating on the Qgggg peak, showing these 
possible correlations are in Fig. 5.42. Horizontal lines indicating the presence of 10B* states 
decaying to 4He-6Li(2.186, 3+ ;0) can be seen, with varying clarity, in all of the telescope 
combinations shown. In the (T3,T4) combinations (5.42a and 5.42b) one can also see vertical 
lines corresponding to the break-up of 160* states to 4He+12C associated with a 6Li(2.186, 
3+ ;0) recoil. These vertical lines correspond to excitation energies in 160  of 15.10, 16.64 and 
21.13 MeV. For all of the lines the measured excitation cannot be immediately associated with 
any particular known states due to the level density at those energies [109]. After gating out 
the 160* lines, the resulting 10B excitation energy spectra are included in Fig. 5.43.
For the (T3,T4) combinations (5.43a and 5.43b) a single large peak can be clearly seen. 
When the single fragment is detected in T3, 5.43a, the peak is at 12.89 MeV and when it is 
detected in T4, 5.43b, the peak is at 12.86 MeV. No other peaks are seen in either spectra and
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Figure 5.39: Plots of 2H-4He[2] relative energy against 2H-4He[1] relative energy, gated on 
a reconstructed non-sBe(gs) event and the Qgggg peak, (a) for 4He+4He+2H coincidences 
detected with one fragment in T3 and the other two in T4, (b) for T4 and T3 coincidences,
(c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) for all in T3 and (f) for 
all in T4.
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(a) (b)
(c) (d)
(e) (f)
Figure 5.40: Reconstructed reaction Q-value spectra for the 12C(10B,4He4He2H)12C re­
action channel, gating on events that give a 6Li(2.186, 3+;0) count, (a) for 4He+4He+2II 
coincidences detected with one fragment in T3 and the other two fragments in T4, (b) sim­
ilarly so for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 
coincidences, (e) for all in T3 and (f) for all in T4. The peak marked Qgggg is due to counts 
with the 12C in its ground state and the peaks labelled as Qggg correspond to excited states 
of 12C.
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F ig u r e  5 .4 1 : Energy against momentum spectra for recoils associated with the break-up 
fragments 4He, 4He and 2H, gating on events that give a 6Li(2.186, 3+;0) count, (a) for 
4He+4He+2H coincidences detected with one fragment in T3 and the other two fragments 
in T4, (b) similarly so for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for 
T3 and T2 coincidences, (e) for all in T3 and (f) for all in T4.
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F ig u r e  5 .42 : P lo ts of 4He-6Li(2.186, 3+ ; 0) relative energy against 4H e-12C relative energy, 
gating  on events th a t  give a  6Li(2.186, 3+ ;0) count and  the  12C ground s ta te  Q-value peak, 
(a) for 4H e + 4H e+ 2H coincidences detec ted  w ith one fragm ent in T3 and  th e  o ther two 
fragm ents in T4, (b) sim ilarly so for T4 and T3 coincidences, (c) for T2 and T3 coincidences,
(d) for T3 and  T2 coincidences, (e) for all in T3 and (f) for all in T4.
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F ig u r e  5 .43 : R econstructed  excita tion  energy spec tra  for the  4H e+ 6Li(2.186, 3+ ;0) decay 
of 10B observed in th e  12C (10B ,4He4He2H )12C reaction  channel, gating  on events th a t  give a 
6Li(2.186, 3+ ; 0) count and on th e  Qgggg peak, w ith  any unw anted 160*  correlations removed, 
(a) for 4H e+ 4H e + 2H coincidences detec ted  w ith  one fragm ent in T3 and  th e  o ther two 
fragm ents in T4, (b) sim ilarly so for T4 and T3 coincidences, (c) for T2 and  T3 coincidences, 
(d) for T3 and T2 coincidences, (e) for all in T3 and  (f) for all in T4. D ashed curves represent 
sim ulated  detection  efficiencies, w ith peak values labelled (see Sect. 5.2.1).
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the one peak that is seen stands clearly above the calculated efficiency lineshapes. In 5.43c, 
where one fragment is in T2 and two in T3, there is tentative evidence for peaks at 7.99 and 
9.44 MeV. One could also say that there is very tentative evidence for a peak at 12.7 MeV. The 
background underneath these possible peaks follows the shape of the calculated efficiencies 
very closely. In the case of one fragment in T3 and two in T2, 5.43d, there is possible evidence 
for 8.10, 8.65 and 9.60 MeV peaks. Again, the underlying background follows the efficiency 
lineshape. When all three particles are detected in T3, 5.43e, there is one clear peak at 
8.06 MeV and one unresolved peak at 6.93 MeV forming a shoulder on the higher energy one. 
These peaks clearly stand above the detection efficiency seen. Lastly, for all three particles 
detected in T4, 5.43f, two peaks are observed at 8.03 and 9.45 MeV, which are clearly visible 
above the calculated detected efficiency for this telescope combination. The peaks described 
above are given credibility by the lines observed earlier in Fig. 5.42.
(a) (b)
Excitation Energy / MeV
(c)
Excitation Energy / MeV
(d)
Figure 5.44: Calculated efficiency curves for the 4He+6Li(2.186, 3+;0) decay of 10B ob­
served in the 12C(10B,4He4He2H)12C reaction channel, (a) for 4He+4He+2H calculations 
with one fragment in T3 and the other two in T4, (b) similarly so for T4 and T3 calcula­
tions, (c) for T2 and T3 and (d) for T3 and T2. The hit patterns plotted are explained in 
the text.
For the 6Li(2.186, 3+ ;0 )+ 4He channel, where the decay can be described as 10B —► 
a i+ 6Li*(—► q;2+ 2H), the spectra shown in Fig. 5.43 include all events in which two of the
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three particles were in the same telescope. This could occur in any of three ways: (q-i, 0:2), 
(cki,2H), (0:2,2H). The separate efficiency curves for each of these hit patterns are shown in 
Fig. 5.44. In each case, one hit pattern, or profile of the efficiency, dominates the results. 
This dominant efficiency profile is included with the relevant spectrum in Fig. 5.43.
Present Tabulations of Ref. [105] Adopted
Telescopes Ex (MeV)a E* (MeV) Width (keV) J\T Ex (MeV)6
All T3 6.93 6.873 120 l - ;0  +  l 6.93
7.002 100 (3+);0
T2-2T3 (7.99) 7.960 285 T — 0
All T4 8.03 8.07 800 (2+);(0) 8.05
All T3 8.06
T3-2T2 (8.10)
T3-2T2 (8.65) 8.680 «220 (3+);0
T2-2T3 (9.44) 9.58 257 T =  0
All T4 9.45 9.45
T3-2T2 (9.60)
T2-2T3 (12.7) 12.560 100 (0 + 1 + 2 + )
T4-2T3 12.86 13.490 300 (0+.1+.2+) 12.88
T3-2T4 12.89
Table 5.4: Excitation energies for the states observed in the 4He+6Li(2.186, 3+; 0) break-up 
of 10B, along with selected known levels from the tabulations of Ref. [105]. a Peak centroid 
statistical uncertainties from fitting are typically 15 lieV or less. 6 Adopted energies, with 
uncertainties of 100-150 lieV, are discussed in Section 6.4.
The observed excitation energy peaks and the telescope combinations they were detected 
in are summarised in Table 5.4. This information is displayed graphically in Fig. 5.45. The 
only peak seen in (T3,T4) combinations falls between two known states. Otherwise, a good 
agreement with known states of the compilation is seen. Comparison between the number of 
counts in the Qgggg peaks in Fig. 5.40 and the number of counts in the observed excitation 
energy peaks in Fig. 5.43 shows that a certain number of Qgggg counts are not accounted for by 
the clear excitation energy peaks. Consideration of excitation energy (E , 0) versus excitation 
energy (relative energy) values (not shown here) indicate, as well as confirming the presence 
of the peaks seen, population of broad overlapping 10B resonances or the 4He+4He+2H three- 
body continuum.
As was noted earlier, the majority of 4He+4He+2H coincidences that do not give a re-
5.2. Break-up channels studied via 10B + 12C 129
MeV
Figure 5.45: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+6Li(2.186, 3+;0) decay of 10B. For each telescope combina­
tion the number of particles in each detector is listed before the telescope name. Selected 
compilation values taken from Ref. [105],
constructed 8Be(gs) are in fact due to one of the a  particles being associated with the 2H, 
coming from the decay of 6Li(2.186, 3+ ;0). As such, there are few Qgggg peak counts, with 
a very poor peak to background ratio, associated with a 8Be* and a 2H. Due to this the 
analysis of 4He+4He-|-2H coincidences giving a 8Be* count could be taken no further.
5.2.5 9B e + 1H coincidences
As 9Be has no bound states apart from the ground state the detected 9Be was known to be in 
the ground state. For all 9Be-|-1H coincidences the Q-value spectra were calculated assuming 
a 12C recoil and they are shown in Fig. 5.46. The Q-value spectra are split according to 
which telescopes the 9Be and 4H were detected in, with either m =  1 or m =  2 multiplicity 
conditions applied where necessary. One can immediately see that all of the spectra have very 
clear Qggg and Qgg peaks with excellent peak to background, indeed when the 9Be is detected 
in T3 with the proton in T4 (5.46b) there is essentially no background underneath the Q-value 
peaks. The peaks seen correspond to the 12C recoil being in its ground state, 4.4389 MeV 
(2+) and 9.641 MeV (3~) states. Apart from (T2,T3) combinations the Qggg peak dominates 
over the Qgg peaks. The corresponding Catania plots are included in Fig. 5.47. Loci of mass 
12 a.m.u. missing particles confirms the assumption of a 12C in coincidence with 9Be and 1H. 
After gating on the Qggg peaks plots of 1H-9Be relative energy against 1H-12C relative energy
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(a) (b)
(c) (d)
(e) (f)
Figure 5.46: Reconstructed reaction Q-value spectra for the 12C(10B,1II9Be)12C reaction 
channel, (a) for 1Ii-|-9Be coincidences detected in telescopes T3 and T4 respectively, (b) for 
T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) 
for both in T3 and (f) for both in T4. The peak marked Q,ggg is due to counts with the 12 C 
in its ground state and the peaks labelled as Qgg correspond to excited states of 12C.
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F ig u r e  5 .47 : Energy against m om entum  spec tra  for recoils associated w ith the  break­
up fragm ents 9Be and 1H. (a) for 1H + 9Be coincidences detec ted  in telescopes T3 and T4 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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F ig u r e  5 .48 : P lo ts of 1H-9Be relative energy against 1H -12C relative energy, ga ted  on the  
12C ground s ta te  Q-value peak, (a) for 1H + 9Be coincidences detec ted  in telescopes T3 and 
T 4 respectively, (b) for T4 and T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 
and T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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were produced and are shown in Fig. 5.48. The only clear lines, horizontal or vertical, are 
seen in 5.48a and 5.48b, for (T3,T4) combinations, which correspond to correlations between 
the proton and the reconstructed 12C. This is despite the fact that from the Q-value spectra 
it is known that the vast majority of the counts in the relative energy plots come from the 
9Be+1H +12C final state channel.
Due to the lack of clear correlations for the most part, excitation energy spectra were 
produced for both 10B (after any clear 1H-12C lines had been removed) and 13N, shown 
in Fig. 5.49 and Fig. 5.50, respectively. Looking at 10B first, in 5.49a, proton in T3 and 
9Be in T4, one could argue that there is a peak at 8.36 MeV with tentative evidence in the 
corresponding relative energy (5.48a) plot to support it. There is, however, no evidence for 
peaks in the spectrum for the proton in T4 and 9Be in T3, 5.49b. For the proton in T2 and 
9Be in T3, 5.49c, it could be noted that there is a structure with a centroid of approximately 
8.1 MeV, which could tally with the relative energy plot 5.48c. The peak of the excitation 
energy spectrum in 5.49d, proton in T3 and 9Be in T2, is at 7.9 MeV, which is also where 
the simulated efficiency profile is at a maximum. When both of the detected particles are in 
T3, 5.49e, one could say very tentatively that there is a peak at 8.22 MeV, something that is 
perhaps not supported by the relative energy plot 5.48e. For both in T4, 5.49f, it is difficult 
to say that the maximum of the excitation spectrum at 7.9 MeV is a peak.
Turning to 13N one can see that when the proton is detected in T3 and the 9Be in T4 
(5.50a) and vice versa (5.50b) there are clear peaks in the excitation energy spectra, which are 
backed up by the features observed in the relative energy plots, 5.48a and 5.48b, respectively. 
In 5.50a there are two peaks at 3.65 and 6.48 MeV and in 5.50a one peak at 3.67 MeV. For 
the T2-T3 combination, 5.50c, there is no evidence for peaks, likewise with the supporting- 
relative energy plot. In 5.50d, T3-T2 combination, the excitation energy spectrum exhibits 
a possible peak at 6.27MeV that, albeit bearing in mind the low statistics, is not seen in the 
associated relative energy plot (5.48d). When both of the fragments are in the same telescope 
the supporting relative energy plots do not show any evidence for peaks, but in the excitation 
energy spectrum for both fragments in T4 (5.50f) there is tentatively a peak at 6.44 MeV. It 
should be noted that for all of the telescope combinations the proton decay of 13N simulated 
detection efficiency is extremely small. The more certain peak assignments for the proton 
decay of 13N channel are summarised in Table 5.5. This information is graphically presented 
in Fig. 5.51. The excitation energies found agree favourably with those of the compilation.
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(a) (b)
(c) (d)
(e) (f)
F ig u r e  5 .49 : R econstructed  excitation  energy spec tra  for th e  9B e + 1H decay of 10B observed 
in th e  12C (10B ,1H9B e)12C reaction  channel and  gated  on th e  Qggg peak, w ith any unw anted 
13N* correlations rem oved, (a) for 1H + 9Be coincidences detec ted  in telescopes T3 and  T4 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for b o th  in T3 and (f) for b o th  in T4. Dashed curves represent sim ulated 
detection  efficiencies, w ith  peak values labelled (see Sect. 5.2.1).
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(a)
Excitation Energy /  MeV
(b)
(c) (d)
(e) (f)
F ig u r e  5 .50 : R econstructed  excita tion  energy spec tra  for th e  12C + 1H decay of 13N observed 
in th e  12C (10B ,1H 9B e)12C reaction  channel and  gated  on th e  Qggg peak, (a) for 1H + 9Be 
coincidences detec ted  in telescopes T3 and  T4 respectively, (b) for T4 and T3 coincidences, 
(c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) for b o th  in T3 and (f) 
for b o th  in T4. Dashed curves represent sim ulated  detection  efficiencies, w ith peak values 
labelled (see Sect. 5.2.1).
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Present Tabulations of Ref. [106]
Telescopes E* (MeV)a Ex (MeV) Width (keV) J ;T
T3-T4 3.65 3.50 62 3 ~ .  1 2 > 2
T4-T3 3.67 3.55 47 5 +  . 1 2 > 2
T3-T2 (6.27) 6.364 11 5 +  . 1 2 1 2
T4-T4 (6.44) 6.886 115 3 +  . 12 > 2
T3-T4 6.48
Table 5.5: Excitation energies for the states observed in the 1H+12C(gs) break-up of 13 N, 
along with selected known levels from the tabulations of Ref. [106]. The telescope the proton 
is detected in is listed first. a Peak centroid statistical uncertainties from fitting are typically 
15 keV or less.
MeV
Figure 5.51: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 12C+1H decay of 13N. The telescope the proton is detected in is 
listed first. Selected compilation values taken from Ref. [106].
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5.2.6 4He-f-7Li coincidences
The reconstruction of the 4He+7Li channel was performed assuming the detected 7Li was 
formed in the ground state and not the 1/2“  first excited state. For all 4He+7Li coincidences 
a missing 11C was assumed and the Q-value reconstructed. The Q-value spectra for the 
six different telescope combinations, each produced with the appropriate m =  1 or m =  2 
multiplicity conditions in the telescope stages, are shown in Fig. 5.52. Clear Qggg and Qgg 
peaks, many with excellent peak to background ratios, are seen in all of the sub-figures, 
with the 11C ground state peak dominating. The position of the Qggg peak for (T2,T3) 
combinations shows a shift relative to the other spectra Q,ggg peaks. In all but 5.52c one can 
also see small peaks at less negative Q-values than those of interest. The associated Catania 
plots are included in Fig. 5.53. Loci corresponding to the Qggg and Qgg peaks confirm mass 
11 a.m.u. for the missing particle. The loci associated with the other small peaks seen in 
Fig. 5.52 have gradients that differ slightly. However, they cannot be positively identified with 
a certain target contaminant, as was the case with the reactions off of an 160  component seen 
in the 4He+6Li channel decay of 10B channel (Section 5.2.1). Due to the clear separation 
between these lines and those of interest this is not considered a problem.
After gating on the respective Q,ggg peaks, plots of 4He-7Li relative energy against 4He-11C 
relative energy could be produced. These plots are shown in Fig. 5.54. All of the sub-figures 
exhibit clear horizontal lines which correspond to n B resonances. Only (T3,T4) combinations 
(5.54a and 5.54b) have vertical lines present. These vertical lines can be associated with 150  
excitation energies of 11.44, 12.32, (possibly 12.97), 13.66 and 15.25 MeV in 5.54a, and 13.76, 
(possibly 14.31), 15.14 and (possibly 15.54) MeV in 5.54b.
After gating out any 4He-n C correlations, for Qggg counts, the n B excitation energies 
were reconstructed and included in Fig. 5.55. When the alpha particle is detected in T3 and 
the 7Li in T4, 5.55a, one can see five clear peaks at 11.29, 12.58, 13.07, 13.98 and 14.50 MeV. 
All of these peaks stand clearly above the trend of the simulated efficiency curve, which, when 
taken into consideration, shows that the peak at 11.29 MeV is populated much more strongly 
than the others. For the T4 and T3 combination, 5.55b, there are three clear peaks at 11.28, 
14.02 and 14.50 MeV, with one broad asymmetric peak at 13.0 MeV. In comparison to the 
peaks observed in 5.55a, one can confidently say that the asymmetric peak at 13.0 MeV in 
5.55b is due to two unresolved peaks, and when is fitted as such gives excitation energies 
of 12.56 and 13.06 MeV, which are in very good agreement with those of 5.55a. When the 
relative simulated efficiency is taken into account the 11.28 MeV peak is again much more 
strongly populated than the others.
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Figure 5.52: Reconstructed reaction Q-value spectra for the 12C(10B,4He7Li)u C reaction 
channel, (a) for 4Ile+7Li coincidences detected in telescopes T3 and T4 respectively, (b) for 
T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) 
for both in T3 and (f) for both in T4. The peak marked Qggg is due to counts with the UC 
in its ground state and the peaks labelled as Qgg correspond to various excited states of n C.
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F ig u r e  5 .53 : Energy against m om entum  spec tra  for recoils associated w ith  th e  break-up 
fragm ents 7Li and  4He. (a) for 4H e + 7Li coincidences detec ted  in telescopes T3 and T4 
respectively, (b) for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for bo th  in T3 and  (f) for b o th  in T4.
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Figure 5.54: P lo ts of 4He-yLi relative energy against 4H e-n C relative energy, ga ted  on the  
n C ground s ta te  Q-value peak, (a) for 4H e + 'L i coincidences detec ted  in telescopes T3 and 
T4 respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 
and  T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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(a) (b)
(c) (d)
(e) (f)
F ig u r e  5 .55 : R econstructed  excitation  energy spec tra  for th e  7L i+ 4He decay o f 11B observed 
in th e  12C (10B,4He7L i)11C reaction  channel and  gated  on the  Qggg peak, w ith  unw anted 
laO* correlations removed, (a) for 4H e + 7Li coincidences detected  in telescopes T3 and T4 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for bo th  in T3 and  (f) for bo th  in T4. Dashed curves represent sim ulated 
detec tion  efficiencies, w ith peak values labelled (see Sect. 5.2.1).
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In 5.55c, when the 4He and 7Li are in T2 and T3 respectively, four peaks are seen at 9.10, 
10.15, 11.08 and 12.49 MeV. The underlying background appears to follow the efficiency 
curve, with the 9.10 MeV peak much more strongly populated than it appears due to the 
efficiency tailing rapidly off at that energy. For 5.55d, the T3 and T2 combination, two peaks 
are observed at 9.13 and 11.05 MeV, with the 9.13 MeV peak have a large population once 
the low efficiency is taken into account.
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Figure 5.56: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+7Li(gs) decay of n B. The telescope the alpha particle is 
detected in is listed first. Selected compilation values taken from Ref. [78].
In the case of both fragments being detected in T3, 5.55e, there are three clear peaks 
at 9.14, 10.23 and 11.19 MeV, with also a tentative peak at 9.7 MeV. Even allowing for 
the efficiency peaking close to it, the peak at 9.14 MeV is populated much more strongly 
than the other peaks. Both fragments in T4, 5.55f, exhibits three peaks at 9.14, 10.20 and 
11.16 MeV, with a less certain peak at 12.4 MeV. The efficiency profile is very similar to that 
of both fragments in T3 and as such the same comments about the relative populations of 
the peaks can be made. Consideration of the associated n B excitation energy calculated 
from (E, 0) versus excitation energy reconstructed from the relative energy values, not shown 
here, supports the peak assignments made. Table 5.6 summarises the n B excitation energies 
seen and which telescopes the fragments are detected in. A graphical representation of this 
information is included in Fig. 5.56. Excitation energies found using the two (T3,T4) telescope 
combinations agree well, and perhaps to a lesser extent similarly so when both particles are 
in the same telescope, with known states in the tabulation, suggesting the energies found are 
reliable. When T2 and T3 are used the excitation energies are found to be consistently low,
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which is in keeping with the final state channels analysed previous to this one.
Present Tabulations of Ref. [78] Adopted
Telescopes E»  (MeV)a E® (MeV) Width (keV) J\T Ex (MeV)6
T2-T3 9.10 8.920 4.37 eV 5 ~ .  1 2 » 2
T3-T2 9.13 9.185 1.9 eV 7 +  . 1 2 > 2
T3-T3, T4-T4 9.14 9.2744 4 5 +  . 1 2 > 2 9.14
T3-T3 (9.7) 9.876 110 3 +  . 1 2 » 2
T2-T3 10.15 10.26 150 3 - .  1 2 » 2
T4-T4 10.20 10.33 110 5 ~ .  12 ’ 2 10.22
T3-T3 10.23
T3-T2 11.05 11.265 110 9 +  . 1 2 * 2
T2-T3 11.08
T4-T4 11.16
T3-T3 11.19
T4-T3 11.28 11.29
T3-T4 11.29
T4-T4 (12.4) 12.557 210 1 +  / 3 + \ .  32 V2 h 2
T2-T3 (12.49)
T4-T3 (12.56)
T3-T4 12.58 12.58
T4-T3 (13.06) 12.916 200 1 ~ .  3 2 ’ 2
T3-T4 13.07 13.137
13.16
426
430
9 —. 1 
2 1 2
5 +  7 +  . 1 
2 » 2 i 2
13.07
T3-T4 13.98 14.04 500 1 1 + .  1 2 > 2 14.00
T4-T3 14.02
T3-T4, T4-T3 14.50 14.34
14.565
254
<30
5 +  . 3 
2 ’ 2 14.50
Table 5.6: Excitation energies for the states observed in the 4He+7Li(gs) break-up of n B, 
along with selected known levels from the tabulations of Ref. [78]. The telescope the 4He is 
detected in is listed first. ° Peak centroid statistical uncertainties from fitting are typically 
15keV or less. b Adopted energies, with uncertainties of 100 keV, are discussed in Section 6.1.
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5.2.7 4H e + 7Be coincidences
This reconstruction was performed assuming the detected 7Be was formed in the ground state 
and not the l/2~  first excited state. The reconstructed Q-value spectra for all 7Be+4He 
coincidences are shown in Fig. 5.57, separated according to the detector hit pattern, each of 
which has certain m =  1 or m =  2 multiplicity conditions applied. Clear Qggg and Qgg peaks 
can be seen, often with good peak to background ratios. However, when the 4He is detected 
in T2 and the 7Be in T3, 5.57c, the Qggg peak is of poor quality, which must be kept in mind 
when looking at further spectra for this telescope combination. This Qggg peak is also shifted 
slightly relative to the Qggg peaks present in the other Q-value spectra. The missing n B 
being formed in its ground state dominates over when it is in one of its low energy excited 
states. One feature that must be mentioned is the extremely large peak at Q ~  2 MeV in 
5.57a and 5.57b, which has a large shoulder on the more negative side. Also, a single small 
peak at Qss-lOMeV can be seen in 5.57a and 5.57b. Both of these features can be easily 
removed though using a software gate.
Included in Fig. 5.58 are the Catania plots corresponding to the Q-value spectra described 
above. Loci of mass 11 a.m.u. gradients corresponding to the Qggg and Qgg peaks can be 
seen, confirming the mass assignment made for the missing particle. The small peaks seen 
at Q ps-10 MeV in the Q-value spectra can be associated with a very short line and a dot in 
5.58a and 5.58b, respectively, and as such means it is difficult to make any definite conclusions 
about them, although reactions off of an 160  target contaminant cannot be ruled out. It can 
be seen in 5.58a and 5.58b that the counts causing the very large peaks at Q ~2M eV  in 
5.57a and 5.57b all come along the p2/2m — 0 axis in the Catania plots. This indicates that 
there is in fact no missing particle and the 7Be+4He coincidences are due to the reaction 
1H(10B,4He)7Be, most likely coming from protons in water vapour in the target.
After placing appropriate software gates to select the Qggg counts, plots of 4He-7Be rel­
ative energy against 4He-n B relative energy were produced and are included in Fig. 5.59. 
Horizontal lines corresponding to 11C excited states can be seen in all of the spectra apart 
from 5.59c, where the 4He is detected in T2 and the 7Be in T3. For 5.59a vertical lines are 
also observed, which correspond to o-decaying states of 15N. Lines are seen clearly at 13.19 
and 15.57 MeV, and faintly at 16.18, 16.68, 17.20 and 18.18 MeV. These excitation energies 
show good agreement with earlier triton transfer onto 12C work [110]. In keeping with the 
other reaction channels analysed in this section the focus here shall be on the correlations 
between the detected particles, in this case looking for n C* resonant states.
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(a) (b)
-L .O  -30 .0 -25.0 -20.0 -15.0 -10 .0 -5.0 0 .0  5.0
Q-vnlue /  M eV
(c)
-Ss.O -30.0 -25.0 -20.0 -15.0 -10.0 -5  0  0.0
Q-vnluc /  M eV
(d)
(e) ( f )
F ig u r e  5 .57 : R econstructed  reaction  Q -value sp ec tra  for th e  12C (10B ,4He7B e)u B reaction  
channel, (a) for 4H e + 7Be coincidences detec ted  in telescopes T3 and T 4 respectively, (b) for 
T 4 and T3 coincidences, (c) for T2 and  T 3 coincidences, (d) for T3 and T 2 coincidences, (e) 
for b o th  in T3 and  (f) for b o th  in T4. T he peak m arked Qggg is due to  counts w ith  th e  n B 
in  its g round s ta te  and  th e  peaks labelled as Qgg correspond to  various excited s ta te s  of n B.
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F ig u r e  5 .5 8 : E nergy against m om entum  spec tra  for recoils associated w ith  th e  break-up 
fragm ents 7Be and  4He. (a) for 4H e + 7Be coincidences detec ted  in telescopes T3 and T4 
respectively, (b) for T4 and T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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F ig u r e  5 .59 : P lo ts of 4He-' Be relative energy against 4H e-n B relative energy, ga ted  on the 
n B ground s ta te  Q-value peak, (a) for 4H e + 'B e  coincidences detec ted  in telescopes T3 and 
T4 respectively, (b) for T4 and  T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 
and  T2 coincidences, (e) for b o th  in T3 and  (f) for b o th  in T4.
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(a) (b)
(c) (d)
(e) (f)
F ig u r e  5 .60 : R econstructed  excitation  energy spec tra  for th e  7B e + 4He decay of n C ob­
served in the  12C (10B ,4H e‘B e)n B reaction  channel and gated  on th e  Qggg peak, w ith  un­
w anted 15N* correlations rem oved, (a) for 4H e+~Be coincidences detec ted  in telescopes T3 
and T4 respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for 
T3 and T2 coincidences, (e) for bo th  in T3 and (f) for bo th  in T4. Dashed curves represent 
sim ulated detection  efficiencies, w ith peak values labelled (see Sect. 5.2.1).
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Using software gates to remove any 15N* relative energy lines enabled the n C excitation 
energy spectra to be produced, as in Fig. 5.60. The excitation energies observed are sum­
marised along with pertinent information in Table 5.7. In sub-figure 5.60e, both fragments in 
T3, there is one small peak at 8.05 MeV and one large ‘split’ peak at 8.54 MeV. One can say 
that based on the observed two channel ‘width’ of the 8.05 MeV peak, there is evidence that 
the peak at 8.54 MeV represents an unresolved doublet of states. With this assumption, the 
energies corresponding to the two components of the peak are 8.37 and 8.61 MeV (which is 
the dominant peak). As shown in Table 5.7 these energies are in excellent agreement with the 
known states at 8.42, 8.655 and 8.699 MeV. Performing a similar doublet fit to the 8.54 MeV 
peak in 5.60f, both fragments in T4, one obtains the two energies of 8.36 and 8.59 MeV, with 
the later peak dominating. Once again there is a good agreement between these values and 
those in the compilation. In sub-figure 5.60f there are also peaks at 8.05, 9.72 and 10.53 MeV, 
with the peak at 10.53 MeV not well resolved. However, one can use the expected experi­
mental width for this state as gauged by the corresponding peak in the ’mirror’ excitation 
spectrum for n B in 5.55f, This n B state width of approximately 400 keV supports the peak 
found for 11C at 10.53 MeV. For both telescope combinations the simulated efficiency profiles 
are very similar and when they are taken into account the 8.59 and 8.61 MeV peaks still stand 
well above the others.
MeV
Figure 5.61: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+7Be(gs) decay of 11C. The telescope the alpha particle is 
detected in is listed first. Selected compilation values taken from Ref. [78].
When the 4He is detected in T3 and the 7Be in T4, 5.60a, there is one clear peak at 
10.74 MeV and tentatively an unresolved doublet of states at 12.20 and 12.61 MeV, fitted as 
two peaks based on a similar argument to that described above. The background underneath 
the observed peaks follow the shape of the efficiency curve. The 10.74 MeV peak is very 
strongly populated in comparison to the relative efficiency. For the T4 and T3 telescope
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Present Tabulations of Ref. [78] Adopted
Telescopes E x (MeV)a E x (MeV) Width (keV) J \ T E x (MeV)6
T3-T2 8.01 8.105 0.06 fs 3 - .  1 2 > 2
T3-T3,T4-T4 8.05 8.05
T4-T4 (8.36) 8.42 0.043 fs 5 “ . 1 2 ’ 2 8.37
T3-T3 (8.37)
T2-T3 (8.50) 8.655 <5 7 +  . 1 2 > 2
T3-T2 (8.54) 8.699 15 5 +  . 1 2 ’ 2
T4-T4 (8.59) 8.60
T3-T3 (8.61)
T3-T2 9.51 9.65 210 ( 3 - .  1\ V2 ’ 2'
T4-T4 9.72 9.78 240 ( - “ • l ) V2 ’ 2> 9.72
T3-T2 (10.43) 10.679 200 9 +  . 1 2 > 2
T4-T4 10.53
T4-T3 10.71 10.73
T3-T4 10.74
T3-T4 12.20 12.16 270 rp 3 1  ~  2 12.20
T4-T3 (12.44) 12.4 1-2 MeV ir =  —
T3-T4 12.61 12.51
12.65
490
360
1~. 3 
2 » 2
(T+ . l )
V2 ’ 2 '
12.61
Table 5.7: Excitation energies for the states observed in the 4He+7Be(gs) break-up o f11C, 
along with selected known levels from the tabulations of Ref. [78]. The telescope the 4He is 
detected in is listed first. “ Peak centroid statistical uncertainties from fitting are typically 
15 keV or less. 6 Adopted energies, with uncertainties of 100 keV, are discussed in Section 6.1.
combination, 5.60b, a peak can be cleanly observed at 10.71 MeV and also a broad peak 
at 12.44 MeV. The 12.44 MeV peak is possibly also an unresolved doublet, but cannot be 
consistently fitted as such and so is given as one peak. Again, the underlying background 
follows the simulated efficiency profile and the 10.71 MeV peak is strongly populated. For the 
(T2,T3) combinations, there is only one small peak which stands above the background in 
5.60e, which is at 8.50 MeV, whilst in 5.60d there are peaks at 8.01, 8.54, 9.51 and, tentatively, 
10.43 MeV. The peak at 8.54 MeV is the largest of these peaks, which is in keeping with the 
relative populations in 5.60e and 5.60f. Going on the unresolved doublets seen in those 
spectra the 8.50 and 8.54 MeV peaks seen in the (T2,T3) combinations are also likely to 
be unresolved doublets. Excitation energy (£ , 9) versus excitation energy (relative energy)
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values, not shown here, support the comments made above. Excitation energies found for 
the 7Be+4He decay of n C states are graphically shown in Fig. 5.61. This diagram shows the 
small shift down in excitation energy of states where the fragments are detected in T2 and 
T3, along with particularly good agreement between known states and peaks found when the 
fragments are detected in the other telescope combinations.
5.2.8 4H e-f9Be coincidences
All 9Be+4He coincidences were reconstructed with an assumed 9B recoil, with the detected 
9Be formed in the ground state as it has no other bound states. The resulting Q-value spectra 
are in Fig. 5.62, where strict m =  1 or m — 2 multiplicity conditions have been applied to 
the particular telescope combinations used to detect the 9Be and 4He. Coincidences detected 
using telescopes T3 and T4, 5.62a and 5.62b, exhibit a clear Q ggg peak, with a good peak 
to background ratio, and also a small Qgg peak. The only other spectrum to show a Q~ 
value peak is when both particles are detected in T4, 5.62f, where there can be seen a small 
Qggg  peak with a fairly poor peak to background ratio. Catania plots are presented in 
Fig. 5.63. Sub-figures 5.63a and 5.63b have loci whose gradients correspond to mass 9 a.m.u. 
missing particles, confirming the assumption of 9B recoils. No loci indicating the presence of 
9Be+4He+9B counts are observed in any of the other four telescope combinations. Due to 
this, from this point onwards the analysis shall focus on the telescope combinations (T3,T4), 
(T4,T3) and (T4,T4) only.
Relative energy between 4He-9Be against 4He-9B relative energy plots were produced 
after gating on the Qggg peak and are included in Fig. 5.64. When the two fragments are 
detected in T3 and T4, 5.64a and 5.64b, horizontal lines associated with 4He-9Be correlations 
are seen. When both fragments are detected in T4, 5.64c, no 4He-9Be correlations relating 
to 13C* states are apparent. None of the spectra show vertical lines corresponding to the 
9B +4He decay of 13N.
The resulting 13C excitation energy spectra are shown in Fig. 5.65, with the observed 
peaks summarised in Table 5.8. When the 4He is detected in T3 and the 9Be in T4, 5.65a, 
four peaks are seen at 13.43, 14.13, 14.53 and 16.07 MeV. The 14.53 MeV peak has to be con­
sidered as tentative because it appears as a shoulder, albeit clearly, on the large 14.13 MeV 
peak. Good agreement between the 14.53 MeV value with that of the compilation [106] sup­
ports the observation of this peak. Consideration of the supporting excitation energy (E ) 9) 
versus excitation energy (relative energy) values, not shown here, for this telescope combina­
tion indicates, between 14 and 20 MeV, the population of broad overlapping 13C resonances or 
the 4He+9Be two-body continuum. All of the peaks stand out compared to the simulated ef-
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(a) (b)
(C) (d)
(e) (f)
Figure 5.62: Reconstructed reaction Q-value spectra for the 12C(10B,4He9Be)9B reaction 
channel, (a) for 4He+9Be coincidences detected in telescopes T3 and T4 respectively, (b) for 
T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) 
for both in T3 and (f) for both in T4. The peak marked Qggg is due to counts with the 9B 
in its ground state and the peak labelled as Qgg corresponds to excited states of 9B.
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F ig u r e  5 .63 : Energy against m om entum  sp ec tra  for recoils associated w ith th e  break-up 
fragm ents 9Be and  4He. (a) for 4H e + 9Be coincidences detec ted  in telescopes T3 and T4 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for bo th  in T3 and  (f) for bo th  in T4.
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4H e -9B Relative Energy / MeV
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Figure 5.64: P lo ts of 4He-9Be relative energy against 4He-9B relative energy, gated  on the  
9B ground s ta te  Q-value peak, (a) for 4H e+ 9Be coincidences detec ted  in telescopes T3 and 
T4 respectively, (b) for T4 and  T3 coincidences and  (c) for bo th  in T4.
ficiency profile which peaks at approximately 17 MeV. For the T4 and T3 combination, 5.65b, 
there are also four peaks, at 13.42, 14.12, 14.50 and 16.22 MeV. The high energy shoulder 
of the clear 14.12 MeV peak is not as well resolved as before, but can still be consistently 
fitted as a 14.50 MeV peak, which is in good agreement with states of the compilation. The 
16.22 MeV peak is not obvious in 5.64b and is thus somewhat tentative. Population of broad 
overlapping 13C resonances or the 4He+9Be two-body continuum, between 14 and 20 MeV, 
is again suggested. In the case of both fragments in T4, 5.65c, no peaks are seen. The 
most that can be said is that the excitation energy distribution does not follow the efficiency 
profile, particularly standing above it between approximately 13 and 14 MeV. A graphical
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(a) (b)
(c)
F ig u r e  5 .65 : R econstructed  excita tion  energy spec tra  for the  9B e + 4He decay of 13C ob­
served in th e  12C (10B ,4He9Be)9B reaction  channel and  gated  on the  Qggg peak, (a) for 
4H e + 9Be coincidences detec ted  in telescopes T3 and  T4 respectively, (b) for T4 and T3 co­
incidences and  (c) for b o th  in T4. D ashed curves represent sim ulated detec tion  efficiencies, 
w ith peak values labelled (see Sect. 5.2.1).
='(5/2")
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/(7 /2+,9/2+)
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' x 3/2-
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14
13
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F ig u r e  5 .66 : G raphical com parison of th e  excita tion  energies ob tained  from the  different 
gating  conditions for the  4H e+ 9Be decay of 13C. T he telescope the  a lpha  partic le  is detected  
in is listed first. Selected com pilation values taken  from Ref. [106].
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representation of the excitation energies observed is shown in Fig. 5.66. From this one can 
see that known states in the compilation find excellent agreement with the peaks observed 
here. No further discussion of the 9Be+4He decay of 13C will be made in Chapter 6.
Present Tabulations of Ref. [106]
Telescopes E* (MeV)a Ex (MeV) Width (keV) J;T
T4-T3 13.42 13.41 35 f—~ ‘ 1) V2 > 2 /
T3-T4 13.43
T4-T3 14.12 14.13 150 3~. 1 2 > 2
T3-T4 14.13
T4-T3 (14.50) 14.39 280 ( I -( 2  >2  1 2'
T3-T4 (14.53) 14.582 230 ( 7 +  9 +  . 1\ \2 ’ 2 ’ 27
T3-T4 16.07 16.08 150 fZ+. 1) \2 > 2)
T4-T3 (16.22) 16.15 230 (B~. 1) 12 » 2)
16.183 40
Table 5.8: Excitation energies for the states observed in the 4He+9Be(gs) break-up of 13C, 
along with selected known levels from the tabulations of Ref. [106]. a Peak centroid statistical 
uncertainties from fitting are typically 15 keV or less.
5.2.9 4He-f-4He-]-4He coincidences
The analysis of 4He+4He+4He coincidences was separated according to whether any two of 
the a  particles can be reconstructed to form a 8Be(gs) count or not. The case of 8Be ground 
state counts was looked at first. For those 8Be(gs)+4He counts the missing momentum was 
reconstructed as a 10B particle and the total energy calculated. These Q-value plots are 
included in Fig. 5.67. As the requirement of a 8Be(gs) count restricted the two a particles 
to be detected in the same telescope the Q-value counts plotted were separated according 
to which telescopes the remaining a  particle and the 8Be(gs) were detected in, with either 
m =  1, m =  2 or m =  3 multiplicity conditions applied to the different detector stages. Clear 
Qgggg and Qggg peaks can be seen in all of the spectra, which are due to the missing 10B being 
in its ground state and most excited states up to around 6 MeV, respectively. Due to the 
size and resolution of the Qgggg peak contributions to it from the 0.7184 MeV (1+ ), 1.74 MeV 
(0+ ; 1) and 2.15 MeV (1+ ) states cannot be ruled out. All of the Qgggg peaks have favourable 
peak to background ratios. In 5.67b one can also see a small peak at approximately 1 MeV 
that cannot be associated with an undetected 10B particle. The corresponding Catania plots
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(a) (b)
(c) (d)
(«) (f)
Figure 5.67: Reconstructed reaction Q-value spectra for the 12C(10B,4He4He4He)10B reac­
tion channel, gating on a sBe(gs) count, (a) for 4He+4He+4He coincidences detected with 
4He and 4He+4He giving a 8Be(gs) count in telescopes T3 and T4, respectively, (b) similarly 
so for T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coinci­
dences, (e) for all in T3 and (f) for all in T4. The peak marked Qgggg is due to counts with 
the 10B in its ground state and the peaks labelled as Qggg correspond to excited states of 
10B.
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F ig u r e  5 .68 : E nergy against m om entum  sp ec tra  for recoils associated w ith  th e  break-up 
fragm ents 4He, 4He and  4He, ga ting  on a  8Be(gs) count, (a) for 4H e+ 4H e+ 4He coincidences 
detec ted  w ith 4He and  4H e+ 4He giving a  8Be(gs) count in telescopes T3 and  T4, respec­
tively, (b) for T4 and T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and T2 
coincidences, (e) for all in T3 and  (f) for all in T4.
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F ig u r e  5 .69 : P lo ts of 4He-8Be relative energy against 4He-10B relative energy, gated  on 
th e  reconstructed  8Be(gs) and  th e  10B ground s ta te  Q-value peak, (a) for 4H e+ 4H e+ 4He 
coincidences detec ted  w ith  4He and  4H e+ 4He giving a 8Be(gs) count in telescopes T3 and 
T4, respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 
and  T2 coincidences, (e) for all in T3 and  (f) for all in T4.
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5.2. Break-up channels studied via 10B + 12C 160
are shown in Fig. 5.68. Clear loci can be seen in all spectra that have a gradient indicating a 
missing particle of 10 a.m.u. mass, confirming the detection of the 12C(10B,4He4He4He)10B 
final state channel. The small peak at approximately 1 MeV observed in 5.67b can be seen 
to be due to a small dot on the p2/2m =  0 axis in 5.68b. This would suggest reactions off 
of deuterons in the target. However, this feature does not interfere with the analysis of the 
counts of interest.
Once the Qgggg peak counts were selected the 4He-8Be relative energy against 4He-10B 
relative energy values were calculated and are plotted in Fig. 5.69. Clear horizontal lines are 
seen in each of the six telescope combinations, showing the presence of 12 C* resonances. The 
two spectra involving T3 and T4, 5.69a and 5.69b, also exhibit vertical lines associated with 
14N*. These vertical lines correspond to 14N excitation energies of 13.25, 15.51, 17.56 and 
20.92 MeV. Attention here will focus on the horizontal lines. After removing any 14N* the 
12C excitation energies could be calculated for each spectra, which are shown in Fig. 5.70.
When the 4He is detected in T4 and the 8Be(gs) in T3, 5.70b, one can see peaks at 9.70, 
14.00, 19.35, 22.02 and 24.15 MeV. All of these peaks are supported by lines in the associated 
relative energy plot, 5.69b. One can also say there is tentative evidence for the low energy 
shoulder of the 14.00 MeV level being another peak at an excitation energy of ~  13 MeV. 
Taking into account the simulated efficiency profile the 9.70, 22.02 and 24.15 MeV peaks are 
more strongly populated than first appears. For the T3 and T4 spectra, 5.70a, peaks were 
observed at 9.68, 14.01 and 19.35 MeV. Following the previous telescope combination one 
can propose a ~13 MeV peak for the low energy shoulder of the 14.01 MeV peak, but this is 
somewhat tenuous. The number of counts found in the 9.68 MeV is drastically reduced due 
to the diminishing efficiency at that energy.
In 5.70c, 4He in T2 and 8Be(gs) in T3, one can observe peaks at 9.46, 10.61 and 13.74 MeV. 
The 9.46 MeV peak is by far the most strongly populated, with the efficiency at a maximum 
around 12 MeV. For the T3 and T2 telescope combination, 5.70d, there are also three peaks, 
at 9.49, 10.62 and 13.74 MeV. The peak at 13.74 MeV is not particularly clear. Compared to 
the other detector hit patterns the (T2,T3) telescope combinations have significantly lower 
maximum efficiencies.
In the case of all fragments being detected in T3, 5.70e, peaks are seen at 7.60, 9.58 and 
10.78 MeV, with the 10.78 MeV peak being very small. Despite being just above the break­
up threshold and at the maximum efficiency, the clear line in the relative energy plot 5.69e 
supports the assertion of a peak at 7.60 MeV. When all hits are in T4, 5.70f, peaks are seen 
at 7.60, 9.53 and 10.68 MeV. The same argument for the 7.60 MeV peak as before holds here, 
with the 10.68 MeV peak quite strong and supported by the clear corresponding line in 5.69f.
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5.2. Break-up channels studied via 10B + 12C 161
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F ig u r e  5 .70 : R econstructed  excita tion  energy spec tra  for the  8B e + 4He decay of 12C ob­
served in th e  12C (10B ,4He4He4H e)10B reaction  channel, gating  on a 8Be(gs) count and on 
the  Qgggg peak, w ith any unw anted 14N* correlations removed, (a) for 4H e + 4H e+ 4He coin­
cidences detec ted  w ith  4He and  4H e+ 4He giving a  8Be(gs) count in telescopes T3 and  T4, 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for all in T3 and  (f) for all in T4. D ashed curves represen t sim ulated 
detec tion  efficiencies, w ith  peak values labelled (see Sect. 5.2.1).
5.2. Break-up channels studied via 10B + 12C 162
Present Tabulations of Ref. [78] Adopted
Telescopes E« (MeV)a E* (MeV) Width (keV) J\T Ex (MeV)6
All T3, All T4 7.60 7.6542 8.5 eV 0+ ; 0 7.60
T2-2T3 9.46 9.641 34 3“ ;0
T3-2T2 9.49
All T4 9.53
All T3 9.58
T3-2T4 9.68 9.69
T4-2T3 9.70
T2-2T3 10.61 10.844 315 i " ;0
T3-2T2 10.62
All T4 10.68 10.73
All T3 10.78
T3-2T4, T4-2T3 (~13) 12.71 18.1 1+ ; 0 '"'-'13
13.352 375 (2~);0
T2-2T3, T3-2T2 13.74 14.083 258 4+;0
T4-2T3 14.00 14.01
T3-2T4 14.01
T3-2T4, T4-2T3 19.35 19.2 w 1.1 MeV 19.35
19.4 480 (2“ ; i )
19.55 490 (4 " ;i )
T4-2T3 22.02 21.6 1.2 MeV 3~,2+;0 22.02
22.0 800 i “ ; i
22.4 275 1~; 1
T4-2T3 24.15 23.92 400 24.15
24.43 100
Table 5.9: Excitation energies for the states observed in the 4He+sBe(gs) break-up of 12C, 
along with selected known levels from the tabulations of Ref. [78]. The telescope the alpha 
particle is detected in is listed first. a Peak centroid statistical uncertainties from fitting are 
typically 15keV or less. 6 Adopted energies, with uncertainties of 100- 150 keV, are discussed 
in Section 6.2.
All of the peaks seen are listed in Table 5.9. Excitation energy (E, 6) versus excitation 
energy (relative energy) values, not shown here, support the information on the peaks noted 
above and for (T3,T4) combinations suggest that between approximately 12 and 22 MeV there
5.2. Break-up channels studied via 10B + 12C 163
are counts due to broad overlapping 12C resonances or the population the 4He+4He+4He 
three-body continuum. Taking into account the different relative efficiencies of all of the 
peaks seen those between 9.46 and 9.70 MeV are by far the strongest populated. A graphical 
summary of the excitation energies seen for the 4He+8Be(gs) decay of 12C is presented in 
Fig. 5.71. As with all other channels where states have been observed using those telescopes, 
peaks found using (T2,T3) combinations here are consistently lower in excitation energy than 
those for other telescope hit patterns. Those of T3 and T4 find very good agreement with 
known states in the compilation.
MeV
Figure 5.71: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+8Be(gs) decay of 12C. The telescope the alpha particle is 
detected in is listed first. Selected compilation values taken from Ref. [78].
A further point of analysis for this channel is to look at any potential decay correlations 
in the decay of the 12C states seen via an intermediate 8Be(gs). This was achieved through 
the use of Dalitz plots, a measure of the emission patterns in the 12C centre-of-mass frame, 
in which the parameters ( E m  — 1) and ( E j  — E jj) / ^ / 3 were used (where E z is the center- 
of-mass energy of the ith a particle scaled by a quantity relating to the total energy of the 
three a particles). This is discussed further in Section 6.2.2. The Dalitz plots for the 7.60 
and 9.58 MeV states seen when all three a particles were detected in T3 are included in 
Fig. 5.72. The bounding circle in the plots defines the maximum energy available to one of
5.2. Break-up channels studied via 10B + 12C 164
(E, - EnW3
(a) (b)
F ig u r e  5 .7 2 : D alitz plots for 12C excited s ta te s  decaying via 8B e(gs)+ 4He, ga ting  on the  
8Be(gs) peak for some com bination of a -partic les, and  on the  10B ground s ta te  Q-value peak, 
w ith all fragm ents in T3 and  unw anted 14N* correlations removed, (a) for th e  a-decay  of the 
12C(7.6542) s ta te , and  (b) for th e  12C(9.641) s ta te . E* are th e  dim ensionless scaled centre 
of m ass energies of th e  th ree  oc particles.
the a particles and the three bands are the events associated with the decay through the 8Be 
ground state, the relative positions of which change according to the fraction of the available 
12 C excitation energy shared between the intermediate resonance excitation energy and the 
4He-8Be relative energy. This can be seen in 5.72a with the broad-lined inverted triangle, in 
comparison with the narrow unconnected lines at the edge of the circle in 5.72b.
Coincidences of 4He+4He+4He that do not give a 8Be(gs) count are assumed to arise 
from two of the 4He particles coming from a sBe* count. From these events a missing 10B 
was reconstructed and the Q-value plotted in Fig. 5.73. The Q-value spectra are separated 
according to whether one particle is in one telescope with the other two in another, or all three 
particles together in the same telescope. For each case the appropriate multiplicity conditions 
were applied to the telescopes involved. Clear Qgggg and Qggg peaks are seen when T3 and 
T4 are utilised, 5.73a and 5.73b, corresponding to the missing 10B being in its ground state 
and most excited states up to around 6 MeV, respectively, with the size and resolution of 
the Qgggg peak meaning contributions to it from the 0.7184MeV (1+ ), 1.74 MeV (0+ ; 1) and 
2.15 MeV (1+) states cannot be ruled out. The 10B ground state peak is by far the dominant 
state populated. Sub-figures 5.73c and 5.73f also exhibit clear Qgggg peaks, but these peaks 
have poor peak to background ratios. A very small peak on considerable background is seen 
in 5.73e, with no peaks at all visible in 5.73d. These aspects should be kept in mind for the
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5.2. Break-up channels studied via 10B + 12C 165
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Figure 5.73: Reconstructed reaction Q-value spectra for the 12C(10B,4He4He4He)10B reac­
tion channel, gating on a 8Be* count, (a) for 4He+ 4He+ 4He coincidences detected with 4He 
and 4He+ 4He giving a 8Be* count in telescopes T3 and T4, respectively, (b) similarly so for 
T4 and T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and T2 coincidences, (e) 
for all in T3 and (f) for all in T4. The peak marked Qgggg is due to counts with the 10B in 
its ground state and the peaks labelled as Qggg correspond to excited states of 10B.
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F ig u r e  5 .74 : Energy against m om entum  spec tra  for recoils associated w ith  th e  break-up 
fragm ents 4He, 4He and  4He, ga ting  on a 8Be* count, (a) for 4H e+ 4H e+ 4He coincidences 
detected  w ith 4He and  4H e+ 4He giving a  8Be* count in telescopes T3 and T4, respectively, (b) 
for T4 and T3 coincidences, (c) for T2 and  T3 coincidences, (d) for T3 and  T2 coincidences,
(e) for all in T3 and (f) for all in T4.
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5.2. Break-up channels studied via 10B + 12C 167
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F ig u r e  5 .75 : P lo ts of 4He-8Be* relative energy against 4He-10B relative energy, gated  on 
th e  reconstructed  8Be* and  th e  10B ground s ta te  Q-value peak, (a) for 4H e+ 4H e+ 4He 
coincidences detec ted  w ith 4He and  4H e + 4He giving a  8Be* count in telescopes T3 and T4, 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T2 coincidences, (e) for all in T3 and (f) for all in T4.
5.2. Break-up channels studied via 10B + 12C 168
later analysis. Associated with the Q-value spectra are the Catania plots in Fig. 5.74. Loci 
of mass 10 a.m.u. corresponding to the Q-value peaks seen can be observed in the respective 
Catania plots, confirming the presence of 12C(10B,4He4He4He)10B reaction counts.
Plots of 4He-8Be* relative energy against 4He-10B relative energy were produced after 
gating on the appropriate Qgggg peaks and are included in Fig. 5.75. As could be expected 
due to the width of the 8Be 3.03 MeV 2+ first excited state there are no obvious narrow 
lines indicating the a-decay of 12C states. However, vertical lines indicating the presence of 
4He-10B correlations are observed in 5.75a, when the 4He is found in T3 and the 8Be* in T4. 
The vertical lines correspond to 14N excitation energies of 13.21, 14.87, 15.47 and 17.47 MeV. 
These energies are in good agreement with those found in the 4He+8Be(gs) channel. Focus 
here will be on any 4He-8Be* correlations, so after gating out any clear 14N excited states the 
12C excitation energies were calculated and are shown in Fig. 5.76.
For the 8Be*+4He channel, where the decay can be described as 12C —> a i+ sBe*(—> 
^2+ct3)> the spectra shown in Fig. 5.76 include all events in which two of the three particles 
were in the same telescope. This could occur in any of three ways: (ai, 0:2), (on, 0:3), (0:2, 0:3). 
In each case, one hit pattern, or profile of the efficiency, dominates the results. This dominant 
efficiency profile is included with the relevant spectrum in Fig. 5.76.
When one 4He is detected in T4 and two in T3, 5.76b, four peaks are seen at 11.85, 12.69, 
13.37 and 14.08 MeV, on top of a slowly decreasing background. Although not resolved, the 
peak at 13.37 MeV can be consistently fitted to the low energy shoulder of the 14.08 MeV 
peak, with the widths of the other three clear peaks supporting the existence of this peak. 
The peaks observed stand out clearly from the calculated efficiency lineshape, with the lower 
energy peaks suppressed more due to the relative efficiencies. These excitation energy com­
ments are supported by taking into account the associated excitation energy (E, 6) versus 
excitation energy (relative energy) values (not shown here for all telescope combinations), 
which also suggest the existence of, between 14 and 28 MeV, broad overlapping 12C reso­
nances or the population of the 4He+4He+4He three-body continuum. For one fragment in 
T3 and two in T4, 5.76a, four peaks are also observed, at 11.79, 12.65, 13.27 and 14.01 MeV, 
on top of a fairly considerable background which is at a maximum around 20 MeV. Again, the 
excitation energy peaks stand out clearly compared to the efficiency curve. The associated 
excitation energy (E, 9) versus excitation energy (relative energy) values again provide ten­
tative evidence for broad overlapping 12C resonances 01* the population of the 4He+4He-f4He 
three-body continuum between 14 and 28 MeV.
In the case of one particle found in T2 and the other two in T3, 5.76c, four peaks can 
be observed at the top of a relatively large background, with centroids of 11.61, 12.45, 13.00
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5.2. Break-up channels studied via 10B + 12C 169
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F ig u r e  5 .76 : R econstructed  excitation  energy sp ec tra  for th e  8B e*+ 4He decay of 12C ob­
served in th e  12C (10B,4He4He4H e)10B reaction  channel, gating  on a  8Be* count and  on the  
Qgggg peak, w ith any unw anted 14N* correlations removed, (a) for 4H e + 4H e+ 4He coin­
cidences detec ted  w ith  4He and  4H e+ 4He giving a 8Be* count in telescopes T3 and  T4, 
respectively, (b) for T4 and  T3 coincidences, (c) for T2 and T3 coincidences, (d) for T3 and 
T 2 coincidences, (e) for all in T3 and  (f) for all in T4. D ashed curves represent sim ulated 
detection  efficiencies, w ith peak values labelled (see Sect. 5.2.1).
5.2. Break-up channels studied via 10B + 12C 170
Present Tabulations of Ref. [78] Adopted
Telescopes E .^ (MeV)a E* (MeV) Width (keV) J ;T Ex (MeV)6
All T4 9.54 9.641 34 3“ ;0 9.56
All T3 9.58
All T4 (10.7) 10.844 315 1";0 -10.7
All T4, T2-2T3 11.61 11.828 260 2“ ; 0
T3-2T4 11.79 11.82
T4-2T3 11.85
T2-2T3 12.45 12.71 18.1 1+ ; 0
T3-2T4 12.65 12.67
T4-2T3 12.69
T2-2T3 13.00 13.352 375 (2 -);0
T3-2T4 13.27 13.32
T4-2T3 13.37
T2-2T3 13.75 14.083 258 4+;0
T3-2T4 14.01 14.05
T4-2T3 14.08
Table 5.10: Excitation energies for the states observed in the 4He+8Be* break-up of 12C, 
along with selected known levels from the tabulations of Ref. [78]. The telescope the a 
particle is detected in is listed first. ° Peak centroid statistical uncertainties from fitting are 
typically 15keV or less. b Adopted energies, with uncertainties of 100-150 keV, are discussed 
in Section 6.2.
and 13.75 MeV. The associated excitation energy versus excitation energy values support the 
observation of these four peaks. The high energy portion of the spectrum follows the shape 
of the simulated efficiency, with the 13.75 MeV peak the most strongly populated once the 
efficiency is taken into account. The lack of a Qgggg peak in 5.73d means that 5.76d can 
be ignored. Although with a low number of Qgggg counts with a poor peak to background 
ratio, 5.76e (all fragments detected in T3) still exhibits a peak at 9.58 MeV, which can be 
clearly seen compared to the simulated efficiency lineshape. In 5.76f, all fragments detected 
in T4, two peaks are observed at 9.54 and 11.61 MeV, with another, more tentative peak 
at 10.7 MeV. All three of these possible peaks are noticeable in comparison to the efficiency 
profile.
Excitation energies found using the different telescope combinations are listed in Ta­
ble 5.10. A graphical representation of this information is included in Fig. 5.77. Excellent
5.2. Break-up channels studied via 10B + 12C 171
agreement is seen between those peaks found using (T3,T4) combinations and those of the 
compilation, whilst the (T2,T3) hit pattern with peaks present exhibits an approximate 
200 keV shift to lower excitation.
MeV
Figure 5.77: Graphical comparison of the excitation energies obtained from the different 
gating conditions for the 4He+8Be* decay of 12C. The telescope the a particle is detected in 
is listed first. Selected compilation values taken from Ref. [78].
The next analysis step was to look for decay correlations in those 12 C states seen via an 
intermediate 8Be*. To this end Dalitz plots were produced and are shown in Fig. 5.78. A 
Dalitz plot was produced for one of the observed peaks that could be correlated with each 
of the known states listed in Table 5.10, namely, all fragments in T3 for the 9.641 MeV level 
(5.78a), and one fragment in T4 plus two in T3 for the 11.828 (5.78b), 12.71 (5.78c), 13.352 
(5.78d) and 14.083 MeV (5.78e) levels. The 9.641 MeV plot displays no discernible correlation 
pattern. For the other four states the plots show clear correlation patterns, with each one 
apparently being different from each other. The 11.828 and 12.71 MeV spectra exhibit a 
three-fold symmetry, whilst the 13.352 and 14.083 MeV ones appear to have more of a six­
fold symmetry. This would be in keeping with the intermediate 8Be* excitation energy being 
a smaller and smaller fraction of the total energy available from the increasing 12 C excitation 
energy, going from the 11.828 to the 14.083 MeV spectra. Both of the 11.828 and 12.71 MeV 
plots show very few counts around the origin. To aid the comparison of the different Dalitz 
plots they were separated out into an angular and radial part, where the angle is measured 
from the (E m  — 1)=0 axis and the radius from the origin, (E m  — l )= (E j  — E n)/V3=0.
The angular dependence spectra are shown in Fig. 5.79. In 5.79b and 5.79c the minima 
can be seen to go down to effectively zero counts, whilst 5.79d and 5.79e appear to show 
an isotropic background contribution with the minima between the double-peak maxima not 
going to zero. These plots demonstrate that the angular dependence of the decay correlation
5.2. Break-up channels studied via 10B-f 12C 172
(a)
(E, - En)A/3
(b)
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Figure 5.78: D alitz plots for 12C excited s ta te s  decaying via 8B e*+ 4He, ga ting  on a 8Be* 
count and on th e  10B ground s ta te  Q -value peak, w ith  unw anted 14N* correlations removed, 
(a) for th e  a-decay  of the  12C(9.641) s ta te  w ith  all fragm ents detec ted  in T3, (b) for the  
12C(11.83) s ta te  w ith  one in T4 and  two in T3 (as are the  sub-figures th a t  follow), (c) for 
th e  12C(12.71) sta te , (d) for th e  12C(13.35) s ta te  and (e) for the  12C(14.08) sta te . E,; are the  
dim ensionless scaled centre of m ass energies of th e  th ree  a particles.
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5.2. Break-up channels studied via 10B + 12C 173
300 360
Figure 5.79: Angular dependence (0) of the Dalitz plots for 12C excited states decaying 
via 8Be*+4He, gating on a 8Be* count and on the 10B ground state Q-value peak, with 
unwanted 14N* correlations removed, (a) for the a-decay of the 12C(9.641) state with all 
fragments detected in T3, (b) for the 12C(11.83) state with one in T4 and two in T3 (as are 
the sub-figures that follow), (c) for the 12C(12.71) state, (d) for the 12C(13.35) state and (e) 
for the 12C(14.08) state. 6 is measured anticlockwise from the abscissa.
5.2. Break-up channels studied via 10B + 12C 174
Figure 5.80: Angular dependence (9) distributions of the Dalitz plots for 12C excited states 
decaying via 8Be*+4He, overlaid on one another. Dashed lines indicate the approximate 
positions of the 14.08 MeV state double-peak maxima, as a guide for the eye.
patterns are definitely different for the various states. To enable a better comparison between 
the 11.828, 12.71, 13.352 and 14.083 MeV angular dependence plots they are overlaid on one 
another in Fig. 5.80. The vertical dashed lines are the approximate positions of the 14.08 MeV 
state double-peak maxima, present to act as a guide to the eye. From this plot one can see 
that as the 12C excitation increases from 11.828 to 14.083 MeV the single maxima (green) 
split into double-peak maxima (blue), the double peaks move apart (red) and then come 
together with a peak from the next original double-peak maxima to form new double-peak 
maxima (black).
The radial dependence spectra are shown in Fig. 5.81. All of the radial plots show that the 
majority of the counts are distributed towards the outside of the circle. The 11.828, 12.71, 
13.352 and 14.083 MeV radial dependence plots are overlaid on one another in Fig. 5.82, 
where the maximum values of the 11.828, 12.71 and 13.352 MeV distributions have been 
approximately scaled to the maximum value of the 14.083 MeV distribution to aid in the 
comparison. One can see that there are two pairs of similar radial profiles, but that the 
pairing does not follow either the natural or un-natural parity of the states, or the minimum 
I of the ct-decay of the compilation assignments [78].
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Figure 5.81: Radial dependence of the Dalitz plots for 12C excited states decaying via
8Be*+4He, gating on a 8Be* count and on the 10B ground state Q-value peak, with unwanted 
i4N * correlations removed, (a) for the a-decay of the 12C(9.641) state with all fragments 
detected in T3, (b) for the 12C(11.83) state with one in T4 and two in T3 (as are the sub­
figures that follow), (c) for the 12C(12.71) state, (d) for the 12C(13.35) state and (e) for the 
12C(14.08) state.
5.2. Break-up channels studied via 10B + 12C 176
Radial parameter
F ig u r e  5 .82 : R adial dependence d is tribu tions of th e  D alitz p lots for 12C excited sta tes 
decaying via 8B e*+ 4He, overlaid on one another. Included are th e  Jn [78] and m inim um  I 
of the  a-decay  of th e  known sta tes.
Chapter 6
Discussion of nuclides studied via
6L i+12C and 10B + 12C
The results for the A  =  11 nuclei, 11B and 11C, are discussed, with reference to the states 
observed and possible rotational structure. In addition, the newly identified high lying states 
in 12 C are discussed and analysed in terms of the correlations observed in their decays to the 
sBe(gs) and 8Be(2+). Results for the three-centre candidate SB and also the nucleus 10B are 
interpreted.
6.1 Mass A =  11
6.1.1 Overview of results
Two mass A = l l  nuclides, n B and n C, were populated via 10B + 12C and observed via a- 
decay break-up. The excitation spectrum for 11B was presented in Section 5.2 in the figures 
5.55 and 5.56, and Table 5.6. In keeping with all other break-up channels seen, it was noted 
for n B that a comparison with the compilation implied that excitation energies measured 
using T3 and T4 combinations were the most reliable, followed by measurements with both 
particles in either T3 or T4, while T2 and T3 combinations tended to lie 100-150 keV to lower 
energies. Thus, the centroids from the (T3,T4) combinations were averaged for any peaks 
that were observed in more than one telescope combination. For peaks missing from those 
two spectra, the centroids for both particles in the same telescope were used. Based on this 
hierarchy of telescope combinations for n B one can identify peaks at excitation energies of
9.14 (from 5.55e and 5.55f), 10.22 (from 5.55e and 5.55f), 11.29 (from 5.55a and 5.55b), 12.58 
(from 5.55a), 13.07 (from 5.55a), 14,00 (from 5.55a and 5.55b), and 14.50 MeV (from 5.55a 
and 5.55b). These excitation energies are shown, alongside states from the A = l l  compilation
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[78], on the left-hand side of Fig. 6.1 and are included in Table 5.6 (errors are discussed below).
In the case of 11C the peaks identified in the excitation spectra of Fig. 5.60 (Section 5.2) 
were listed in Table 5.7 and shown graphically in Fig. 5.61. As was the case in 11B, in the case 
of 11C the excitation energies from (T3,T4) combinations only were averaged preferentially, 
because of the good agreement observed with states in the compilation (see 5.61). The 
strategy for averaging excitation energies was the same as for n B and the (T2,T3) energies 
were again seen to be lower by 100-150 lceV. There are peaks identified at 8.05 (from 5.60e 
and 5.60f), 8.37 (from 5.60e and 5.60f), 8.60 (from 5.60e and 5.60f), 9.72 (from 5.60f), 10.73 
(from 5.60a and 5.60b), 12.20 (from 5.60a), and 12.61 MeV (from 5.60a). These excitation 
energies are shown alongside 11G states in the A = l l  compilation on the right-hand side of 
Fig. 6.1 and are included in Table 5.7 (errors are discussed below).
F ig u r e  6 .1 : E xc ita tion  energies popu la ted  in A = l l  nuclei by th e  12C + 10B reaction , ob­
served v ia  th e ir a -decay  channels. T h e 11B and  11C level schemes have been aligned according 
to  th e  observed levels corresponding to  th e  possible | + , | + doublet of s ta te s  (labeled w ith 
a  blue do t). D ashed red  lines correspond to  th e  relevant a break-up thresholds. Selected 
s ta te s  appearing  in  th e  com pilation [78] are  also shown.
The level schemes for 11B and n C are compared in Fig. 6.1, where the 9.14MeV 11B 
and 8.60 MeV 11C levels have been aligned for display purposes. A striking similarity is 
seen between the level schemes, supporting the peak identification and energy assignments 
for both 11B and 11C. Further strong support is provided by the good agreement between 
the measured energies and those of states in the respective compilations [78]. Based on the 
variation in the assigned excitation energies between telescope combinations, the ability to 
identify a consistent shift for (T2,T3) combinations, and also taking into account the observed
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discrepancies from literature values for states with clear assignments, the uncertainty in the 
quoted excitation energies is typically 100 keV. This value, which is typical of similar break-up 
work (for example [79, 111]), arises from small uncertainties such as the beam spot position, 
the relative angle of different detectors, non-linearities in energy calibrations and detector 
dead layer effects.
6.1.2 n B
For 11B, the decay thresholds are 8.664 MeV for 4He+7Li, and then a gap of several MeV 
to 11.223 (8Be+3H), 11.228 (10Be+1H), 11.454 (10B+n) and 15.815 MeV (9Be+2H). The
9.14 MeV peak, the strongest seen, can be associated with the 9.185 MeV |+ and 9.2744 MeV 
|+ doublet of states. The energy of the peak and its width (experimentally limited to <130 
and <190 keV for the two different detector combinations) means that neither the or the 
|+ assignment, or indeed the population of both states can be strongly ruled out. However, 
the energy does slightly favour the |+ assignment (c/. 11C analysis). The next highest energy 
peak at 10.22 MeV can be associated with either or both of the | , | doublet at 10.26 and
10.33 MeV, with the | slightly favoured.
The strongly populated peak at 11.29 MeV corresponds to the 11.265 MeV |+ state, as 
there are no other known states close by. Next in energy is the peak at 12.58 MeV associated 
here with the 12.557MeV g+ (|+) ; T  =  | state [78]. The peak at 13.07MeV corresponds 
to one of three states, namely the 12.916 MeV ^~ ; 13.137MeV §~ or 13.16MeV |+,|+
states, with a preference on energy grounds for one of the latter two. A small but clear peak 
at 14.00 MeV has only one known candidate assignment, the state at 14.04 MeV. The 
highest energy peak seen in the present work, at 14.50 MeV, can be associated with either of 
the 14.34MeV |+ ; | or 14.565 MeV (unassigned) states.
The observation of these a-decaying states above the n, p and ^decay thresholds might 
suggest a strong a-cluster nature for the structure of those states. Previous evidence of 
a-decay of states in this energy region is provided by a scattering and capture on 7Li. Res­
onances corresponding to the currently tabulated 8.9202 9.185 |+ and 9.2744MeV |+
states were observed in radiative a-capture on 7Li [112, 113]. A study of resonant inelastic 
a  scattering, 7Li(o:, cry)7Li*(0.478 MeV), [114] reported states at 9.87, 10.26 and 10.62 MeV. 
The same work also reported a state, seen in the 7Li(a,7 )n B reaction, at 10.32 MeV and 
an indication of a state at 10.45 MeV, as well the 10.26 and 10.62 MeV states. The au­
thors of [114] comment that the large channel radius necessary in the fitting procedure 
for the states seen in those two reactions, along with their large a  reduced widths, indi­
cate their possible cluster type configurations. In a measurement of the 7Li(o:,a:)7Li and
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7L ! ( cm, ary)7Li*(0.478 MeV) reactions evidence was found [115] for states in the elastic channel 
at 10.34, 10.60, 11.29 and 11.49 MeV, with the possibility of one at 12.04 MeV, and states 
in the inelastic channel at 9.88, 10.25, 10.60, 11.29, 11.49, 11.60, 11.88, 12.55, 14.69 and
15.73 MeV, with also the possibility of levels at 13.03 and 14.05 MeV.
The present work involves 10B+n addition of a neutron, so it is instructive to consider 
results from the (d,p) neutron-transfer reaction. For UB the 10B(d,p)11B reaction is sum­
marised in the compilation [78] as populating the ground state, | , and states at 2.125 
i - , 4.445 |_ , 5.020 §“ , 6.743 6.792 ! + , 7.286 |+ , 7.978 §+ , 8.560 (§ “ ), 8-920 §~,
9.185 |+ , 9.274 and also a state that must be either the 10.26 §~ or 10.33 MeV 
state [116, 117, 118], for which the association is ambiguous in the original paper [116]. The 
strongest populated states in the (d,p) reaction were the 8.920, 9.185, 9.274 and 10.3 MeV 
states. Assuming that the strongest single particle strengths are in these states, and leaving 
aside the differences in population strengths arising from the different light-ion and heavy-ion 
reaction mechanisms, it would be expected that the same states will be strongly populated in 
the 12C(10B,11B)11C reaction. In this picture, absent states would indicate a lack of cluster 
structure since the break-up channel will tend to select cluster states if other channels are also 
open. However, the existing (d!,p) data turn out not to be useful in this regard, because they 
do not extend to sufficiently high excitations. That is, the unbound states which they include 
are unbound only to a-decay. The 10B(d, p)11B studies have mostly been carried out using 
deuteron beams of less than 10 MeV [119]. Thus, the range of excitation energies accessed 
is limited and the reaction mechanism is not modeled completely reliably using direct reac­
tion models. Also, heavy ion transfer reactions have additional selectivity due to kinematic 
matching [108]. Inelastic neutron scattering to the T  — 0 10B first excited state has shown res­
onances corresponding to the 14.04, 14.65, 15.29 and the 13.137 MeV and 13.16 MeV doublet 
states [120]. An R-Matrix fit (described in [121]) of neutron scattering, elastic and inelastic, 
and the 10B(n, a )7Li reaction data found evidence for states at 11.61, 11.79, 11.94, 13.12, 
13.16, 14.02 and 15.3 MeV [122]. A study of the disintegration of 10B by fast neutrons [123] 
showed the presence of the 10B(n, cm) 7Li and 10B(n, tact) reactions. The 10B(n, cm) 7! !  reaction 
exhibited states at 11.95, 13.15, 14.00, 14.58, 15.2, 16.7 and 17.3 MeV, whilst the 10B(n,£cMCM) 
channel showed possible states at 13.15, 14.58, 16.7 and 17.3 MeV. The 10B(n, taa) channel 
was observed [123] above a neutron energy of 1.3 MeV (11B excitation energy of 12.6 MeV), 
with the cross section for this reaction comparable to that for the 10B(n, cm) 7 ! !  reaction for 
neutron energies above 5 MeV (ES(11R) —16.0MeV). In the 10B(n,£cMCM) channel the reac­
tion proceeded mainly via three-body break-up or through the 4.63 MeV excited state of 7Li, 
with an intermediate 8Be* (3.03 MeV, 2+) resonance a possibility and decay through the 8Be
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ground state unlikely.
It may be noted that the 8.9202 MeV | state, just 256 keV above threshold, is not 
observed in any a-decay channel due to the Coulomb and centrifugal barriers. The minimum 
angular momentum for the a-decay to the | 7Li ground state is L =  2, which gives a 
centrifugal barrier of 1(1 +  l)H2/2pr2 =  2.570 MeV and a Coulomb barrier of ZiZ2e2/Aneor =
I.975 MeV, where r — 1.25(75 -H 4s)fm  is the heavy ion radius and p the 7Li+a reduced 
mass [124, 125].
Earlier work on a-decaying states in 11B, populated by deuteron transfer onto 9Be, by 
Soic et al. [79] presented excitation energy peaks at 9.2, 10.3, 10.55, 11 .2, (11.4), 11 .8, 12.5, 
(13.0), 13.1, (14.0), 14.35, (17.4) and (18.6) MeV. Of these peaks there are no equivalent 
peaks observed in the present work for the 10.55, (11.4), 11.8, either (13.0) or 13.1, (17.4) 
and (18.6) MeV energies. Taking these in turn, the 10.597 MeV |+ state associated with the 
10.55 MeV peak in [79] is not observed in the present work, and this suggests that it is pop­
ulated in deuteron transfer but not in neutron transfer. The tentative 11.4 MeV and weakly 
populated 11.8 MeV peaks are associated by Soic [79] with the 11.444 MeV (unassigned) and
II.886 MeV | states. Since these spins can easily be reached in neutron transfer to the 
(d s ,s i)  orbitals (for |+ ) and pi orbital (for | ) it suggests that there is a nuclear structure 
inhibition in the present work. A priori this could be because these n B states require a proton 
in the pi orbital, which will not be populated in neutron transfer on 10B. Another considera­
tion is that the 9Be target in [79] has a very well developed two-centre cluster structure [126] 
(this also would enhance the proton pi occupancy). Thus, a priori, the non-observation of 
the |+ and the two | states in the present work may indirectly support an enhanced cluster 
structure for these three states.
In the present work one state is seen at 13.07 MeV, whereas [79] observes two unresolved 
peaks at 13.0 (tentatively) and 13.1 MeV, which are associated with the 12.916MeV ; | 
state and 13.137 MeV § or 13.16 MeV |+,|+ states. The observation of one peak here could 
suggest that just one of these states is actually being populated, with the energy measured 
here favouring the § or f + ,|+ states and not the T  =  § state. This is consistent with the 
transfer of a T —  ^ neutron onto T  =  0 10B. Note, however, that p — n transfer onto 9Be 
couples either T  =  0 or T  =  1 to T — | and allows T — | as well as T  =  5 population. 
However, the present 13.07 MeV peak is observed as one peak of an unresolved doublet along 
with the 12.58 MeV peak, meaning that a small contribution from a peak corresponding to the 
12.916 MeV \ ; | state cannot be completely ruled out and thus the suggestion of population
f* • 1 Q —  K ’J  «|> tof just the 2 or 2 52 states is somewhat tentative. There is no evidence for peaks above 
15 MeV in the present work that could be compared to the 17.4 MeV and somewhat tenuous
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18.6 MeV peaks in [79] that were linked to the 17.43 MeV T =  | (note that the 17.4 MeV 
peak could equally be associated with the IM eV wide 17.33 MeV state [78]) and 18.37 MeV 
(5 , §, §)+ states.
Continuing the comparison with Soic [79], we consider the peaks seen in both experiments. 
There is the more certain observation of the 12.557 MeV (|+) ; § state with the 12.58 MeV 
peak here, which is seen at 12.5MeV in [79]. In the compilation [119], the 12.557MeV state 
is assigned T =  | since it is seen in 9Be(3iTe,p)1:LB [127] and not 10B(d,p)n B. However, 
it is seen in the present 4He+7Li break-up results and in 7Li(o:, a )7Li*(0.478 MeV) [115] 
which means T =  The uncertain unresolved 14.0 MeV peak in [79] is clearly seen here at 
14.00 MeV. However, the 14.35 MeV peak observed by Soic and associated with the 14.34 MeV 
|+ ; | state is seen here at 14.50 MeV, putting it closer to the 14.565 MeV state and calling 
into question the association made by Soic. The alternative association with the 14.565 MeV 
state can be supported by the observation that in neutron scattering from 10B it decays 
almost entirely via o: particle emission [128]. This means that there is in fact no convincing 
supporting evidence in the present work for any of the T  =  § states at 12.916MeV (|~), 
14.34MeV (|+) and 17.43 MeV reported in [79]. For T =  |, only the 12.557MeV state listed 
in the compilation as \+ (|+ ) ; § is clearly seen, as one member of two overlapping peaks 
(Fig. 5.55a), in the T  =  | decay channel of the present work.
6.1.3 n C
The states observed in n C are now discussed with reference to the A =  11 compilation [78]. 
For 11C the appropriate decay thresholds are 7.543, 8.6896, 9.223 and 13.12 MeV for the 
7Be+4He, 10B + 1H, 8Be+3He and 10C+n channels, respectively.
The lowest energy peak (c/. Table 5.7 and Fig. 6.1) occurs at 8.05 MeV, which can be 
associated with the very narrow (11 eV) 8.1045 MeV §~ state. Above this is the 8.37 MeV 
peak which can be linked to the also very narrow (15 eV) 8.421 MeV §~ state. The strongest 
populated peak at 8.60 MeV may have contributions from both of the doublet of states at
7 *4* c —J—8.655, 5 , and 8.699 MeV, § . The measured energy, taking into account the uncertainty of 
typically 100 keV, tends to favour the |+ as the dominant contributor to the 8.60 MeV peak. 
A pair of known states at 9.65 MeV (| ) and 9.78MeV (f~ ) are equally close to the peak 
observed at 9.72 MeV and neither is preferred. The clear peak at 10.73 MeV corresponds 
to the 10.679 MeV |+ state, with no other contender states nearby. At 12.20 MeV the next 
observed peak can be linked with the 12.16 MeV T  =  | state. The last peak in the present 
data at 12.61 MeV corresponds on energy grounds to either the 12.51 MeV \ ; | or 12.65 MeV 
(|+) state. However, the other negative parity state listed at 12.4 MeV can be ruled out due
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to its 1 - 2 MeV width, greatly exceeding the experimentally measured width of the 12.61 MeV 
peak.
Observation of these a-decaying states above the 10B + 1H  and 8B e + 3H e  decay thresh­
olds is a possible indication of their strong a-cluster structure. Unlike in 11B none of the 
states observed in 11C were found at an excitation energy above the n-decay threshold. The 
8.1045 MeV and 8.421 MeV states have previously been measured using the 7Be(cM, 7 )11C re­
action with a radioactive 7B e target [113]. These states were shown in that work to have 
very small widths for cm-decay. No resonant 7Be-fiCM scattering has been reported [78].
The most likely reaction mechanism for the states observed in the current work is one 
proton addition to the 10B beam. This includes the (p, 7 ) and (p, cm)  resonant reactions. 
In [129] states at 8.699, 9.20, 9.64, 9.78 and 9.97 MeV were observed in (p, 7 ) reactions. For 
proton energies between 2.6 and 17.0 MeV, highly excited resonances were found at 12.4, 15.0 
and 16.7 MeV, with indications of resonances at 13.0 and 18.2 MeV [130], whilst a separate 
report [131] gives a resonance at 12.66 MeV. Population of states at 10.69, 10.809, 11.04, 
11.455 and 11.965 MeV has been seen in the 10B(p, cM7)7Be(0.4291 MeV, ^- ) reaction in [132] 
and at 11.45 and 12.66 MeV in [131]. Also, the cmo transition to the ground state of 7Be has 
exhibited resonances at 9.76 and 10.06 MeV [133], at 10.68 MeV [134] and at 10.67, 11.42 
(weakly), 12.69 and 13.32MeV [135]. The 10B(p,p)10B elastic scattering reaction has been 
used in the work of [134] to measure resonances in 11C at 9.76, 10.06 and 10.68 MeV, with the 
possibility of a 8.95 MeV state. In the 10B(p,p7 )10B reaction, with the recoil 10B left in its 
first excited state, resonances have been seen at 12.66 and 13.91 MeV [131]. Inelastic proton 
scattering to the 10B(1.74MeV ; 1) state showed resonances at 12.2 and 12.45 MeV [136], and 
various other 10B final states gave resonances at 13.92, 14.97 and 15.78 MeV [137]. In the 
single proton stripping reaction 10B(d,n)11C, the n C ground state was observed, along with 
excited states at 1.86, 4.28, 4.77, 6.40, 6.78, 7.41, 8.09, 8.40, 8.62, 8.98, 9.28, 9.69, 10.09, 
10.69, 10.89, (11.26) and 11.52 MeV [138].
In  th e  p re v io u s  w o rk  o n  CM-decaying s ta te s  in  11C b y  Soic et al. [79], th e  tr a n s fe r  of 
tw o  p ro to n s  o n to  9B e w as o b se rv ed  to  p o p u la te  p e a k s  a t  8.65, 9.85, 10.7, 12.1 , (12.6) a n d  
(13.4) MeV. O f th e se , th e  p re s e n t w o rk  g ives n o  eq u iv a len t fo r th e  te n ta t iv e  p e a k  a t  13.4 MeV. 
T h is  w as lin k ed  in  [79] to  e i th e r  th e  13.33 o r  th e  b ro a d  13.4 MeV s ta te .  T h e  13.33 MeV s ta te  
h a s  p re v io u s ly  b e e n  seen  in  10B (p , cm) 7B e(g s) [135]. T h e  f irs t tw o  s ta te s  im m e d ia te ly  ab o v e  th e  
cm b re a k -u p  th re sh o ld , 8.1045 MeV | a n d  8.421 MeV | , w ere  n o t o b se rv ed  in  [79]. T h e se  
tw o  s ta te s  a re  k n o w n  to  h av e  v e ry  sm a ll w id th s  fo r CM-decay [113], d u e  to  th e  sm a ll a m o u n t o f 
e n e rg y  ab o v e  th e  CM-decay th re s h o ld  a n d  th e  C o u lo m b  b a r r ie r , a n d  a lso  th e  c e n tr ifu g a l b a r r ie r  
t h a t  is p re s e n t fo r th e  L =  2 d ecay  o f  th e  |  s ta te .  T h e  a u th o r s  o f [79] ass ig n  th e  ab se n c e  o f
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these states to unfavourable kinematical matching conditions [108]. The detection efficiency 
was not a problem, even for the small break-up energies. Also, the structural selectivity 
of two proton transfer on 9Be(gs), as in [79], is expected to give similar populations to one 
proton transfer to 10B(gs), as in [138] and the present work, since the 10B ground state simply 
has a Ps/2 proton coupled to the 9Be ground state. The 8.1045, particularly, and 8.421 MeV 
states were seen clearly seen in the present work, suggesting suitable kinematic matching for 
the p—wave transfer to these states.
The 8.6 MeV peak observed in the present work is 50 keV lower than the corresponding 
peak in [79], agreeing very well within errors, and has been associated with the |+ and |+ 
doublet (with the |+ assignment favoured in the present work). At 9.72 MeV the next highest 
peak in the present data is 130 keV lower than the corresponding peak in [79]. These two peaks 
have similar widths and can be reasonably considered as measuring the same state. If the 
correct energy were indeed higher for this level, it would call into question the association with 
the 9.65 MeV (| ) and 9.78 MeV (| ) states, and possibly support the 9.97MeV (5 ) or the 
known co-decaying 10.083 MeV |+ state. However, the present measurement clearly favours 
the | /§  doublet. Measured at 10.73 MeV the known 10.679 MeV |+ state is the second 
most strongly populated level in the current work, which matches the relative populations 
in [79]. In the work of [79] there is a clear 12,1 MeV peak with a small somewhat tenuous
12.6 MeV shoulder, whereas in the results presented in this section there are clearly two 
overlapping peaks with similar populations at 12.20 and 12.61 MeV. The 12.1 and 12.20 MeV 
peaks measured in the two experiments, respectively, would presumably correspond to the
12.16 MeV T — § state, which is the only known state observed in this excitation energy 
region [78]. This must be reconciled with its observation in co-decay to rBe, which is a T — | 
channel. The observed peak at 12.61 MeV could correspond to the known co-decaying (|+) 
state at 12.65 MeV [135]. Alternatively, as noted above, the T  =  | 12.51 MeV state is an 
equally acceptable match, on energy grounds. This state has not been positively observed to 
co-decay. In fact it was not observed in an excitation function for the 10B(p, co0)7Be reaction
[135], which was dominated by the (|+ ) state at 12.65 MeV. However, the lower T =  | state 
at 12.16 MeV was not seen in the (p, co) reaction either, and yet is observed to co-decay here 
and in the work of Soic et al. [79]. The suppression of these states in (p,a) could be due to 
T — | being isospin forbidden in this reaction. The absence of these states does not therefore 
preclude them from having an co-decay width. In summary, the (|+) and the ; T  =  | 
states are both viable assignments for the observed peak, and indeed could each contribute.
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6.1.4 Spin assignments based on n B / n C mirror symmetry
Having independently discussed the associations of the observed n B and n C states with 
literature results, it is possible to draw further conclusions by comparing the two sets of 
results. The reactions on the 10B target to populate n B and 11C are mirror reactions to 
mirror states, and the selectivity should be identical, as borne out by the similarities in the 
spectra of Fig. 6.1, and the excitation energy spectra of Fig. 5.55 and 5.60.
A comparison of the conclusions for the associations with known states confirms that 
consistent interpretations have been obtained for the states up to the |+ level. That is, the 
peak comprising the ~+ (and less likely |+) and that containing one or both of the |~ and 
| are seen in each case, as is the |+ .
The observation of the (|+) ; T  =  | in 11B and the supposed T  =  | state at 12.16 MeV 
in 11C argues that the latter has an assignment of |+ (I"1") ; T =  § also. The confirmation of 
the population of the (|+) state at 12.65 MeV in 11C would argue that the (§, |)+ state at
13.16 in n B has indeed a |+ assignment, but the present data are not sufficient to establish 
the assignment in 11C.
6.1.5 T  =  | states in n B and n C
In both 11B and n C, levels have been observed that could correspond to known T  =  | states, 
despite their a  break-up indicating an isospin of T  =  In n B the 12.557 MeV \+ (|+) ; § 
state was seen at 12.58 MeV, and in 11C the 12.16 MeV T  =  | state at 12.20 MeV. The n B 
state is believed to be the isobaric analogue state of the T =  | n Be ground state [78]. There 
is also very tentative possible evidence for the n B T =  | states at 12.916 (| ) and 14.34 MeV 
(|+), whilst in n C there was likewise very tentative possible evidence for the 12.51 MeV (|~) 
state.
The n B 12.557MeV \+ (|+) state has been observed in various reactions. For exam­
ple, the 11B(3He,3He)11B* channel [136] exhibited a 12.51 MeV peak and possible 12.98 and
14.4 MeV peaks corresponding to T =  | states. The u B-h3He inelastic scattering reaction can 
of course populate both T =  | and T  =  § states in n B. Measurements of the 9Be(3He,p)n B 
and 9Be(a,d)n B reactions [127] provided evidence for a T  =  § state at 12.563 MeV in the 
(3He,p) channel, as well as similar isospin states at 12.92, 14.4, 16.437, 17.69, 18.0, 19.146 
and 21.27 MeV in that channel. However, again it should be noted that the T  — § assign­
ments of [127] were based on the excitation energy observed in the (3He,p) reaction, which 
can populate both T  =  | and T  =  | levels, and the absence of the state in the (a,d) channel 
which is restricted to T  — The spectra in [127] are already background-subtracted and
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the 12.563 and 12.92 MeV states appear as unresolved shoulders on peaks corresponding to 
known T  =  | states. It was concluded that the 16.437, 17.69, 18.0 and 19.146 MeV states 
had considerably pure isospin T =  |, but that the 16.437 and 17.69 MeV states might contain 
small admixtures of T =  It was suggested that the 14.4 MeV state had strong T  — | +  | 
isospin mixing with a hitherto unidentified T  =  | state, as evidenced by an intense corre­
sponding peak in the (a,d) channel. Further evidence for a T  =  | state at 12.55 MeV was 
found using the 10Be(p, 7o)n B reaction [139], and additional similar states were at 12.91,
14.33 and 15.32 MeV. The assignment of the T =  § nature for these states was based [139] 
upon their energy spacing matching that of the lowest four levels in n Be and the ability of 
the reaction to populate both T =  § and T =  | levels. From the gamma-ray angular dis­
tributions, spins of I + (§+) and § ^ ( §  ) were assigned for the 12.55 and 14.33MeV states, 
respectively. The results of this experiment have recently been reappraised and the T =  | 
assignment reinforced by a detailed consideration of the width of this state [140].
Considering all of the present available data on those states it appears that the lowest 
T  =  | n Be isobaric analogue states in n B have experimentally been identified at 12.557, 
12.91, 14.33 and 15.32 MeV. However, the 12.557 MeV state has also been observed in T  — | 
reaction channels such as resonant 7Li-|-Q’ scattering [115] and sequential proton- and a- 
decay following 9Be(6Li,4He)llB* [141]. A 14.4MeV peak perhaps corresponding to the
14.33 MeV state, was also seen in a + 7Li(0.478 MeV) break-up [141]. The 15.32 MeV T =  § 
state observed in [139] has also been seen in resonant neutron scattering on 10B [120] and 
10B(n, ct)7Li [122] which select T =  \ states. From the above discussion, and taking into 
account also the levels seen in the T =  | break-up channel work of [79] and the current 
results, it is concluded that the data support the suggestion [79] that there are significant 
T =  \ admixtures in the lowest n B T  =  § isobaric analogue states.
In UC the lowest T =  | state at 12.16 MeV according to the A =  11 compilation [78] is 
derived from a single report [136], In [136], three reactions that could populate both T  =  | 
and T =  § states, namely n B(3He,t)1:LC*, 9Be(3He,n)n C* and 10B(p,p/)10B*(1.74MeV,T — 
1), provided possible evidence for T  =  | states at 12.17 MeV, 12.57MeV and 13.92 MeV. The 
energies would be reasonable for the isobaric analogue states of the lowest three n Be states. 
It should be noted, however, that the weak peaks could only be very tentatively identified, 
after a substantial background subtraction. Further evidence for the accepted T  =  | state 
at 12.51 MeV and its \ assignment was provided by the 13C(p, £)n C* reaction, with a peak 
reported variously as 12.48 MeV [142] and 12.47 MeV [143]. The isospin assignment was 
based primarily on the energy and spin of the state matching that expected for the u Be first 
excited state. The experimental foundation for the | assignment as the isobaric analogue
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of the first 11 Be excited state is thus more certain than that of the analogue of the 11 Be 
ground state.
Pram the previous section, the |+ (§ +) ; T — | state in n B is populated in the present 
work, via the neutron transfer onto 10B, and is seen to decay by a particle emission. In p — n 
transfer onto 9Be, this state was also identified, and again seen to co-decay. Both the co-decay 
and the production by neutron transfer are isospin forbidden. It has also been noted that the 
similarity between the states populated in UB and n C (Fig. 6.1) supports the identification 
of the 12.16MeV state in n C as (|+) ; |. Once again, the state is seen here and in 
[79], and its co-decay and production by single nucleon (proton) transfer are both isospin 
forbidden. It is thus clear that the (|+) ; | states in both n B and n C must include 
T =  5 admixtures, as has been suggested previously [79], As pointed out by Fortune [140], 
the isospin allowed proton width can easily account for the full width of this state in n B, 
for widths up to 640 keV. In fact, in the compilation [78] the width is 210 keV based on two 
experimental results [127, 139] (see also Fortune [140]); and in the present fits to the data in 
Chapter 5, Fig. 5.55, widths of 360 ±  30 keV were obtained for fits with various background 
assumptions. In 11C, the (|+) ; | state is unbound by an additional 700 keV to cr-decay, 
and exceeds the single nucleon decay thresholds by over 2 MeV more than in n B. Thus, its 
reported 270 keV width [78] is small, in analogy with n B. This leaves little scope for an 
a-decay width in either nucleus, but based on excitation energy grounds, the ~+ (|+) ; | 
assignment remains the most likely for the states in 11B and 11C observed here,
6.1.6 Cluster structure: Rotational bands and condensates
Inspection of Fig. 6.1 reveals a striking similarity between the experimentally measured level 
schemes above the 9.14 MeV n B and 8.60 MeV 11C states, which correspond to the |+ and 
|+ doublet of states. Besides the states in common, n B shows states to a higher excitation 
energy and 11C to a lower energy. The similarity of the level schemes points to the same 
structure of the states and similar reaction mechanisms. Observation of the strong population 
of the a-decaying states in n B and 11C, especially for those above other respective particle 
decay thresholds, is a strong possible indication of their significant a-cluster structure. Given 
the known a +  t and a + 3He cluster structure of 7Li and 7Be, respectively, this could suggest 
a +  ex. +  t and a +  a +  3He three-centre cluster structure for the observed excited states of 
11B and 11C. However, the failure to observe the 12C(10B,aa!3He)1:LB and 12C(10B ,aaf)1:LC 
channels which proceed via intermediate 7Li* (7Be*), 8Be(gs) or 8Be* resonances must put a 
question mark over the assignment of three-centre cluster structure.
The existence of a +  a +  t three-centre cluster states in UB was suggested by calculations
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that used the three-cluster orthogonality condition model [144], with resonances having three- 
centre components found at excitation energies up to more than 13 MeV. A simple cluster 
model calculation provided a reasonable description of these type of structures for negative- 
parity states in n B and 11C below 9 MeV [145]. This model assumed an a  particle orbiting 
7Li or 7Be, retaining their free space properties and best described in the model as a + t (3He), 
in a local potential. Support for the existence of three-centre cluster states in 11B and 11C 
below 10 MeV was given by the results of three-cluster Generator Coordinate Method (GCM) 
calculations [146]. Also, the failure of the GCM calculations to reproduce the 8.1045 MeV 
| and 8.421 MeV | states in 11C, which are seen in the present work, was concluded by 
the authors of [146] to be due to those levels not being a-cluster states but instead intruder 
states with a rather complicated structure.
Further evidence for the existence of three-centre cluster states comes in the form of 
the Antisymmetrised Molecular Dynamics (AMD) calculations of Kanada-En’yo [147]. The 
results of these AMD calculations, which do not presuppose the formation of any clusters, 
demonstrated various types of cluster states, as well as non-cluster states, including more 
compact a +  a +  i(3He) structures (akin to the compact 3a cluster 12C 0+ and 2+ ground 
and first excited states) and also more spatially extended a +  a +  t(3He) structures (linked 
to the 12C (0j, 7.6542 MeV) state which can be interpreted as a dilute gas state of weakly 
interacting 3a particles [148, 149], an interpretation supported by the AMD calculations 
for 12C [147]). It was concluded that the near a-threshold n B(|3 , 8.65MeV) and 11C( | 3 , 
8.10 MeV) states were dilute, gas-like cluster states with a +  a +  t and a +  a  +  3He structures, 
respectively. However, their spatial wavefimction was not as extended as the analogous 
12C (0 f) state. The calculations also exhibited the coexistence of cluster and non-cluster states 
in very close proximity, with the 11B(|~, 8.9202MeV) and n C( ! 2 , 8.42 MeV) states said to 
be characterised by intrinsic spin excitation of neutrons and protons, respectively, within the 
p shell and no cluster structure. This conclusion on the structure of the 11C 8.421 MeV state 
agrees with the analysis of [146] mentioned above. However, these two works do not agree on 
the structure of the 8.10 MeV state, with the difference possibly due to the basis functions of 
the GCM calculations being insufficient to describe the dilute nature of the | 3 state. It is 
worth noting that the | 3 states have not been described by any other models. The author 
of the AMD modeling [147] links the various cluster states of n B and 11C to those of the 
3a cluster 12C states, intending to demonstrate the three-centre nature of both n B and 11C. 
It is also commented that the AMD calculations do not quantitatively describe resonances, 
only doing so qualitatively. A comparison of experimental n B(d, d/)11B* reaction transition 
strengths with shell model and AMD calculations [150] showed that certain features of the
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calculated transition strengths agreed with the conclusion that the n B state has a dilute 
cluster structure with a 2a +  t configuration, as well as confirming the possibility of various 
types of 2a + 1 clustering in other states. However, the authors of [150] differ with [146, 147] 
in their conclusions regarding the nature of the |2 state. Kawabata et al [150] finds that 
the | state, although dominated by shell model configurations, requires significant cluster 
components to reproduce the data.
As shown in Fig. 6.1, the states populated in n B and n C exceed the a-decay threshold 
by different amounts. These states all a-decay and are candidates for a-7Li and a-7Be cluster 
structure. Since 7Li and 7Be are mirror nuclei, the displacement of the cluster states relative 
to the a-decay threshold should be the same, except for Coulomb effects. Assuming that the 
distance, r, between the 7Li (or 7Be) and a centres (taken to be two touching spheres with 
radii following R =  RqA^) is given by:
r =  1.25(43 +  73) (6.1)
then the difference in the Coulomb energies is given by:
r _  Z B e Z H e 0 2 Z L iZ H e&2 2e2 fteeo , / . Tr fa
0Coulomb — , , — , — 0.658 M eV  (6>2)47T601' 47T£or 47T€or
This simple estimate of 0.658 MeV is comparable to the experimentally measured shift
of 0.591 MeV for the 11C(|+ , 8.655 MeV) and n B(|+ , 9.185 MeV) states. This supports the
idea of clustering in these nuclei.
The existence of cluster structures in these mass A =  11 nuclides raises the issue of
rotational bands. Cluster states can be expected to group naturally into bands with an
underlying rotational spectrum, to be populated strongly in transfer reactions and, when
unbound, to have large cluster decay widths [151]. It was proposed by Soic et al. [79]
that some of their measured states could be explained in terms of positive-parity rotational
bands. This conclusion was based on the results of calculations performed with the Nilsson-
Strutinsky cranking model [152], which proposed the presence of K v =  |+ and K n =  |+
rotational bands in both n B and n C. The K n — |+ bands were suggested to have members
at 7.286 (|+), 9.185 (|+ ), 11.265 ( f +) and 14.04MeV ( ^ +) in n B and at 6.905 (§+), 8.655
(|+), 10.679 (|+) and 13.33MeV (Tr+ ) in n C. This is shown in Fig. 6.2 with a plot of
excitation energy against J(J  +  1) for the various proposed states. The 11B and 11C bands
have a rotational parameter ^  of 0.25 MeV and 0.24 MeV, respectively, which consequently
means a large moment of inertia I. Evidence for the population of the n B |+ , |+ and
■y+ members of the K n =  |+ band was presented in [79], with a peak at 9.2 MeV possibly
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F ig u r e  6 .2 : P lo t of excita tion  energy versus J ( J + 1 )  for th e  proposed positive-parity  bands 
in n B and  1:LC. T he spin and  pa rity  of th e  4p+ m em ber of th e  n C K n =  | + band  has 
no t been experim entally  m easured. No T  =  1 s ta te s  are found in th e  com pilation of known 
sta te s  [78] a t  th e  energies of th e  proposed § + m em bers of th e  K 17 =  | + bands.
corresponding to either or both of the 9.185 MeV |+ , 9.274 MeV |+ doublet, a strong peak at
11.2 MeV, and a somewhat tentative peak at 14.0 MeV. The present work exhibits the same 
states, with the 14.04 MeV member also seen more clearly, supporting the proposal of
[79]. In 11C [79] presented evidence for the |+ and |+ K 77 =  |+ band members with clear 
peaks at 8.65 and 10.7 MeV, but the 13.4 MeV peak put forward for the member was 
very tenuous. Strong peaks were observed in the present measurement at 8.60 MeV (which 
could correspond to either or both of the 8.655 MeV |+ , 8.699 MeV |+ doublet, but is more 
likely the |+ member) and at 10.73 MeV, with no evidence for any peaks above 13 MeV, thus 
supporting the assertion of the population of the \ ' and |+ members. Indeed, the strongest 
two populated peaks seen could be the |+ and |+ members of the K n =  |+ rotational 
band. The consistent indication from the 11B and 11C results is that the K 17 =  |+ bands are 
selectively populated in the current work.
It was further proposed by Soic et al. [79] that the predicted K n =  |+ rotational bands 
in both n B and n C were seen, and that this might provide an alternative explanation for 
the observation of the supposed T  — | states. These K n — |+ rotational bands were 
proposed, in n B, at 7.97784 (|+), 9.274 (|+), 10.597MeV (|+) and with a |+ member 
predicted at 12.6MeV, whilst in n C at 7.4997 (|+), 8.699 (|+), 10.083 MeV (|+) and with 
a |+ member predicted at 12.1 MeV (see Fig. 6.2). Both of these bands have a rotational 
parameter of 0.22 MeV. The evidence given for the |+ members of the two bands was the
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9.2 MeV peak in n B and the 8.65 MeV in 11C. These two peaks were, however, simultaneously 
used as evidence for the |+ members of the two K * =  |+ bands. The 10.597 MeV |+ member 
was assigned to the 11B 10.55 MeV peak in [79]. In 11C the observed 9.85 MeV peak was put 
forth as the 10.083 MeV member, despite three negative-parity states in the compilation 
[78], one of which is known to a-decay, being closer in energy. Given the presence of these 
JG =  |+ rotational bands the |+ members would be predicted at 12.6 and 12.1 MeV in n B 
and n C, respectively. These energies are close to those of the peaks observed by Soic et al. 
and also those of the accepted \+ T =  | states. The authors of [79] therefore concluded that 
the peaks seen might be due to the |+ T  =  | members of the deformed K™ =  |+ rotational 
bands whose excitation energies just happen to coincide with those of the T =  ~ isobaric 
analogue states of the 11 Be ground state, and therefore with an associated lack of isospin
mixing of the states as proposed earlier.
» | |
In the present work the two | rotational states may have been seen with the observation 
of the 9.14 MeV peak in n B and the 8.60 MeV peak in n C, which was associated in 11B with 
one or both of the 9.185 MeV |+ (preferred) or 9.274 MeV |+ states and in 11C with one or 
both of the 8.655 MeV |+ (preferred) or 8.699 MeV |+ states, respectively. No evidence for 
a member was found in either UB or 11C in the current measurements. In 11B there is 
no candidate peak and in 11C the peak at 9.72 MeV is likely to be a known negative parity 
state. The two |+ rotational states could correspond to the peaks at 12.58 MeV in n B and
12.2 MeV in 11C which were previously discussed with reference to the \+ ; T  =  § state. This 
would mean, however, that only the |+ and |+ members of the K n =  |+ rotational bands 
had been populated in the present work. Thus there is no real support for the explanation 
given by Soic et al. [79], in which the K n =  |+ band is populated but is obscured by other 
states.
Based on the Nilsson-Strutinsky cranking model calculations [152] it was concluded by 
the authors of [79] that the most likely configuration for the K w =  |+ bands was a 1 p — 
lh  excitation to the positive-parity oblate coupled [202|] orbit in the sd-shell, leaving an 
unpaired neutron and proton in the p-shell. However, this configuration would be expected 
to decay strongly via single-nucleon emission, whereas it was pointed out that the strong 
ct-decay of the states and their two-nucleon transfer to the cluster nucleus 9Be reaction 
mechanism in [79] would indicate a more complicated configuration. Due to the previously 
mentioned possible similarity between the 9Be+2p(d) and 10B+p(n) reaction mechanisms 
the same conclusion can be drawn from the present work. One can compare the rotational 
parameters of the 11B and 11C K w =  |+ bands to that of a known deformed nucleus. One such 
nucleus, 9Be, has a rotational parameter of 0.5 MeV for its ground state band [126], which
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would therefore mean that the values of 0.25 and 0.24 MeV for the n B and n C K n =  |+ 
bands, respectively, correspond to a very deformed nuclear shape.
A possible explanation for the 13.07 and 14.50 MeV peaks observed in 11B in the present 
work is provided by a T =  | rotational band proposed by von Oertzen [126], which was 
presented along with a possible T  =  | band. Known states at 11.60, 13.16 and 14.56 MeV 
were linked, respectively, to the spin §, § and | members of a T — | band. The author of 
that work based the proposal on a review of the then current experimental measurements 
and analogous rotational bands in n Be. However, the tabulation of accepted energy levels in 
n B [78] lists the 11.60 MeV state as having a spin and parity of | ' and the 13.16 MeV state 
of |+ or |+ . The proposed T =  | band would have a rotational parameter that is in good 
agreement with those of the T — | and analogous 11 Be bands. Given the presence of this 
rotational band the observed peaks at 13.07 and 14.50 MeV would then correspond to the 
spin | and | members. It is worth noting that the high excitation T — | states mentioned 
previously in this section, 16.437, 17.69, 19.146 and 21.27 MeV [127], are used to form the 
T — | rotational band proposed in [126]. Given that the proposed correspondences conflict 
with the tabulated J77 of the 11.60 MeV state and the present results for the 13.07 MeV peak 
(|+ or | ; T — |), there is no real support for the T — \ band proposed by von Oertzen
[126] and thus also no evidence for the rotational nature of the 14.50 MeV peak.
6.2 12C
6.2.1 Overview of results
Excited states in 12 C were found in the reconstruction of 4He+4He+4He coincidences arising 
from the 10B + 12C reaction data. These 12C states were observed in both the 4He+8Be(gs) 
and 4He+8Be* break-up channels, with pertinent information on the 8Be(gs) channel pre­
sented in Section 5.2 in figures 5.70 and 5.71 and Table 5.9, and similar information on the 
8Be* channel in figures 5.76 and 5.77 and Table 5.10. As with the A =  11 nuclides it was 
noted, after a comparison with states in the compilation, that for 12C excitation energies mea­
sured using (T3,T4) combinations were the most reliable, with those energies measured using 
(T2,T3) combinations apparently exhibiting a shift of approximately 100-150keV to lower 
energies. Therefore, centroids from the (T3,T4) combinations were preferentially averaged, 
in the absence of peaks in those combinations the (T3,T3) and (T4,T4) and then (T2,T3) 
hit patterns were used. Peaks were identified in the 4He+8Be(gs) channel at 7.60 (from 5.70e 
and 5.70f), 9.69 (from 5.70a and 5.70b), 10.73 (from 5.70e and 5.70f), (-13 ) (from 5.70a and 
5.70b), 14.01 (from 5.70a and 5.70b), 19.35 (from 5.70a and 5.70b), 22.02 (from 5.70b) and
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24.15 MeV (from 5.70b). Uncertainties in these energies are discussed below. Likewise, in the 
4He+8Be* channel peaks were identified at 9.56 (from 5.76e and 5.76f), ~10.7 (from 5.76f), 
11.82 (from 5.76a and 5.76b), 12.67 (from 5.76a and 5.76b), 13.32 (from 5.76a and 5.76b) and
14.05 MeV (from 5.76a and 5.76b). A comparison of the states observed in the 4He+8Be(gs) 
and 4He+8Be* break-up channels of 12C is shown in Fig. 6.3.
MeV
F ig u r e  6 .3 : E xcita tion  energies popu la ted  in 12C by the  12C + 10B reaction , observed 
v ia  the ir a -decay  to  th e  8Be(gs) and  8Be* channels. T he dashed red  line corresponds 
to  th e  8Be(gs, 0+ ) + 4He break-up  th resho ld , w ith  th e  dashed blue corresponding to  th e  
sB e(3.03M eV , 2+ ) + 4He break-up  thresho ld . Selected s ta tes  appearing  in th e  com pilation 
[78] are also shown.
Included in Fig. 6.3 are the sBe(gs, 0+)+ 4He (dashed red line) and sBe(3.03 MeV, 2+ )+ 4He 
(dashed blue line) break-up thresholds, 7.3666 and 10.3966 MeV, respectively. The n B+p and 
11C+?a decay thresholds in 12G are 15.9572 and 19.6933 MeV, respectively. The uncertainty 
in the quoted excitation energies is typically 100 -150 keV, which follows from the variation 
in the assigned energies between telescope combinations and, for states with clear assign­
ments, observed discrepancies from literature values. Good agreement between the energies 
measured in the two break-up channels and those of states in the compilation [78] provides
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strong support for the peak assignments made.
Considering the 8Be(gs)+4He break-up channel first, the strongly populated peak at 
7.60 MeV corresponds to the 7.6542 MeV 0+ state, as there are no other known states close 
by. Next in energy is the 9.69 MeV peak, the strongest populated peak, which corresponds to 
the 9.641 MeV 3“  state. The 10.73 MeV small peak can be associated with the 10.844 MeV 
1~ state. At 14.01 MeV, a large peak corresponds to the 14.083 MeV 4+ state. On the low 
energy side of this peak there is a shoulder that is a possible ^13 MeV peak. This peak has 
to be considered as uncertain because it cannot be consistently fitted in the two spectra in 
which it is observed, figures 5.70a and 5.70b. The broad peak at 19.35 MeV is in the region 
of four states, namely the 19.2MeV (1“ ;T  =  1), 19.40MeV (2~;1), 19.55 MeV (4~;1) and 
19.69 MeV 1+ states, having widths of ~1.1, 0.48, 0.49 and 0.23 MeV, respectively. With a 
width of approximately 2 MeV the 19.35 MeV peak cannot be attributed to any single known 
state. Further, the sBe(gs) channel is forbidden for T  =  1 and for un-natural parity. The 
small but clear peak at 22.02MeV has an energy close to the states at 21.60MeV (3“ ,2+), 
22.0MeV I- ; 1 and 22.40 MeV 1“ ;1. The measured width of approximately 430keV com­
pares favourably with only the 22.4 MeV state width of 275 keV, the first two states have 
widths of 1.2 MeV and 800 lceV, respectively. The highest energy peak in the present work, a 
small peak at 24.15 MeV, can be associated with either of the 23.92 MeV (I- ; 1) or 24.43 MeV 
states.
In the 8Be(3.03 MeV, 2+ )+ 4He break-up channel a small peak at 9.56 MeV corresponds to 
the 9.641 MeV 3“  state. This state is below the 8Be(3.03MeV, 2+ )+ 4He break-up threshold 
of 10.3966 MeV and as such the decay proceeds through the tail of the broad 2+ resonance. 
The weakly populated, somewhat tentative, ~10.7MeV peak can be associated with the 
10.844 MeV 1“  state. A small peak at 11.82 MeV has only one known candidate assignment, 
the 11.828 MeV 2~ un-natural parity state. Likewise, the 12.67 MeV peak has only one possi­
ble assignment, the un-natural parity 12.71 MeV 1+ state. Next in energy is the 13.352 MeV 
(2~) state associated here with the small but clear peak at 13.32 MeV. The 14.05 MeV peak, 
the strongest one seen, corresponds to the 14.083 MeV 4+ state.
Comparing the 12C states observed in the sBe(gs) and sBe(2+ ) break-up channels (Fig. 6.3), 
one can see that the 10.844 MeV 1~ state is clearly populated in the ground state channel 
but only weakly in the 2+ channel. Decay to the 2+ channel is energetically allowed (as 
demonstrated by the presence of the 9.641 MeV 3“  state) and the natural parity of the state 
means that both 8Be 0+ and 2+ final states are possible. The weak population of this state 
in the 2+ channel can possibly be explained by the minimum L values and their associated 
centrifugal barriers, V l, involved in the 8Be(gs)+4He and 8Be(3.03MeV, 2+)+4He break-up
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of that 12 C state. The values of L and Vj, for the states seen up to the 14.08 MeV level are 
shown in Table 6.1 (it should be noted that these centrifugal barriers are in addition to the 
Coulomb barrier of approximately 2.57 MeV).
12 C state
8Be(gs, 0+) sBe(3.03 MeV, 2+)
L VL (MeV) L VL (MeV)
9.641 MeV 3“ 3 4.67 1 0.78
10.84 MeV 1“ 1 0.78 1 0.78
11.83 MeV 2“ — — 1 0.78
12.71 MeV 1+ — — 2 2.34
13.35 MeV (2~) — — 1 0.78
14.08 MeV 4+ 4 7.79 2 2.34
Table 6.1: Minimum L values and their associated centrifugal barriers, V l , for the
8Be(gs)+4He and sBe(3.03MeV, 2+)+4He break-up of certain 12C states.
One can see that the 10.844 MeV 1~ state has the same centrifugal barrier for decay to the 
8Be 0+ and 2+ states, meaning that the decay to the 2+ channel, which causes the relative 
energy available to the decay to be reduced by 3.03 MeV, will have difficulty to compete with 
the decay to the 0+ ground state channel. This raises the question of how the 9.641 MeV 
3“  state is seen in both final state channels. Table 6.1 shows that even though the state 
is below the sBe(3.03MeV, 2+ )+ 4He break-up threshold the considerably lower centrifugal 
barrier, 0.78MeV (2+ ) compared to 4.67MeV (0+ ), allows the 8Be(2+ ) channel to compete. 
The difference in the combined 8Be excitation and break-up barrier energy for the 14.08 MeV 
decay to the two channels (figures 5.70 and 5.76) explains why, after the relative detection 
efficiencies have been taken into account, the sBe(2+ ) final state is populated more strongly 
by approximately an order of magnitude. One point to note is the absence of the 11.828 MeV 
2“  and 12.71 MeV 1+ states in the ground state break-up channel. This is simply because 
these two states have un-natural parity and therefore cannot decay to a 0+ 8Be.
6.2.2 Decay correlations of selected states in the 8Be(2+) + 4He channel
The spin and parity of 12C excited states can be studied via an analysis of the decay cor­
relations, through the use of a Dalitz plot, recording energy correlations between the three 
break-up a  particles in the 12 C centre-of-mass frame. Patterns in a resulting Dalitz plot can 
be expected to be dependent on the L of the initial ai-decay, the parameters of the interme­
diate 8Be resonance and the associated Coulomb and centrifugal barriers [153]. At this point
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it is worth mentioning the pioneering analysis in terms of Dalitz plots, 30 years before the 
recent references, of Jacquout et al. [154] on triple-a break-up products tracked in nuclear 
plates. Although the spin assignments made do not appear to be completely reliable the 
work of Jacquout et al. nevertheless represents a comprehensive (if necessarily preliminary, 
given the nature of the computing facilities available at the time in 1973) attempt to apply 
and optimise Dalitz techniques to the assignment of spins in break-up states.
The discussion in this section, concerning 12C states observed in the 8Be(2+ ) decay chan­
nel, follows the recent work of Freer et al. [153] which in turn followed that of Fynbo et al. 
[155] and focussed on verifying the spin assignments of certain 12C states. In the work of Freer 
et al. the experimental data, for 12C states decaying via the 8Be(2+) resonance, was com­
pared to detailed Monte Carlo simulations of the decay process, assuming both a correlated 
angular distribution of the three a particles and an isotropic distribution, where the angular 
distribution is related to the angle of one of the 8Be break-up a particles measured with 
respect to the first break-up a particle. It should be noted that in [153] the authors use the 
three a centre-of-mass energies (£icm> where i =  1,2,3) directly in the Dalitz plots, whereas 
in the present work the more usual convention is followed, where the centre-of-mass energies 
are scaled by a factor proportional to the sum of the three energies (Esum — ^icm) first, 
so as to constrain the bounding circle of the Dalitz plots to a dimensionless maximum radius 
of r =  1. The result of this is that the (x, y ) coordinates of the present work are equal to the 
coordinates of [153] multiplied by a factor of 2/Esum.
Figure 6.4: C om parison of th e  12C 14.08 MeV 4 + s ta te  D alitz plots from th e  present work 
(right pane) and  th a t  of Freer et al. (left pane, Fig. 6 of [153]), observed decaying via the  
8B e(2+) resonance. For o ther s ta tes , see Fig. 5.78.
Comparing the present and previous results for the 14.08 MeV 4+ state first (Fig. 6.4), one 
can immediately see the similar three-fold symmetry exhibited in both plots. It can be seen 
in the excitation energy spectra, Fig. 4, of [153] that a considerable background underlies
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Figure 6.5: C om parison of th e  12C 14.08 MeV 4+ s ta te  D alitz p lot angular dependence of 
th e  present work (right pane) and  th a t  of Freer et al. (left pane - taken  from Fig. 8 of [153]), 
observed decaying via  th e  s B e(2+ ) resonance. T he red curve corresponds to  sim ulations 
assum ing an  isotropic d is tribu tion  and  th e  blue curve to  a  correlated  d istribu tion .
E (MeV)
Figure 6.6: C om parison of the  12C 14.08 MeV 4+ s ta te  D alitz p lot rad ia l dependence of 
the  present work (right pane) and  th a t  of Freer et al. (left pane - taken  from Fig. 8 of [153]), 
observed decaying via th e  8B e(2+ ) resonance. T he red and blue curves are as described in 
Fig. 6.5.
the 14.08 MeV state, but no mention of a background contribution to the simulations for this 
state is made. The structure within the Dalitz plot can be represented, following Fynbo et 
al. [155], via plots of the intensity as a function of either the radial distance from the centre, 
or else of the angle measured around the circle. Angular dependence spectra of the two 
Dalitz plots are included in Fig. 6.5. It can be seen that good agreement exists between the 
periodicity of the double-peak maxima, but that the phase of the distributions are different. 
This is because the angle in the present work is defined anticlockwise from the 3 o ’clock 
position, and clockwise in [153]. This point is discussed later. It was shown in [153] that the
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angular dependence is insensitive to the break-up angular distribution of the a plus 8Be*. 
In contrast, the radial dependence data of Freer et al, shown in Fig. 6.6, strongly favoured 
an isotropic a-8Be* angular distribution. The radial dependence in the present work for 
the 14.08 MeV state exhibits an almost linear increase. This does not match either of the 
simulations (for different substate populations) or the data of Freer. However, at this point 
such differences are expected, since it is apparent that the experimental angular acceptances 
have a strong influence on the radial distribution. This is evidenced by the effect of different 
substate populations in the simulations of [153].
Figure 6.7: C om parison of the  12C 12.71 MeV 1 + s ta te  D alitz p lo t angular dependence of 
th e  present work (right pane) and  th a t  of Freer et al. (left pane - taken  from Fig. 9 of [153]), 
observed decaying via th e  8B e(2+ ) resonance. T he red and  blue curves are  as described in 
Fig. 6.5.
A similar agreement between both of the simulation types and the angular dependence of 
the 12.71 MeV 1+ state Dalitz plot was found by Freer et al. This, along with the 14.08 MeV 
4+ state agreement, was taken to be evidence that the simulation model provides a good 
description of the angular dependence and therefore of the decay process involved. The 
results of [153] and the present work for the 12.71 MeV 1+ state angular dependence are 
shown in in Fig. 6.7. The regular six-fold symmetry of the Freer data is not reproduced in 
the present work. Given that the distance of the 8Be(2+ ) resonance bands from the edge of 
the limiting circle is related to the fraction of the total decay energy available (relative to the 
3a threshold of 7.272 MeV), it follows (see below) that a perfect six-fold symmetry develops 
when the 8Be(2+) resonance energy is one half of the decay energy available. Thus, it can 
be expected for a sBe(2+ ) resonance energy of near 3 MeV that six-fold symmetry would 
be apparent at an excitation energy of approximately Ex =  7.272 + 6 =  13.272 (this value 
may of course be altered by the centrifugal and Coulomb barriers of the initial a-decay).
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The occurrence of six-fold symmetry anywhere in the 12.5-13.5 MeV excitation energy region 
would then be reasonable. It can be noted that, in the present work, the periodicity of the 
angular dependence of the 12.71 MeV 1+ state is the same as the periodicity of the 14.08 MeV 
4+ state, but shifted by 60 °.
Figure 6.8: E volution of th e  D alitz s tru c tu re  w ith 12C excitation  energy. T he abscissa of 
each p lo t is (E m  — 1), w hilst th e  coord inate  is (Ei—Eu)/\/3, as defined in Section 5.2.9. Blue 
bands represent th e  location of th e  8Be(2+ ) resonance, as discussed in th e  tex t. Sub-figure 
(a) corresponds to  an excita tion  energy of ~ 12M eV , (b) to  ~ 1 3 M eV  and (c) to  ~ 15M eV .
For experim ental d a ta  see Fig. 5.78.
The way in which the pattern of a Dalitz plot changes as a function of excitation energy is 
illustrated by Fig. 6.8, which assumes for simplicity a 8Be(2+) resonance energy of 3 MeV and 
no centrifugal barrier. As the 12C excitation energy increases from ~ llM eV , to ~13MeV, 
and then ~15 MeV the 8Be(2+ ) resonance energy increases from being greater than half 
of the available decay energy, to exactly half, and then less than half, respectively. This 
causes the 8Be(2+ ) bands to cross at the centre of the circle, and the double-peak maxima to 
move increasingly apart to the point that peaks from adjacent double-peaks come together 
to produce new double-peaks.
It should be noted that the 12.71 MeV state peaks of both works are observed on top of a 
large background, no mention of which is made in the discussion of Freer et al. The angular 
dependence plot of the present work (right pane of Fig 6.7), however, exhibits minima that 
decrease to almost zero counts despite the considerable background. This is explained at 
least in part by experimental angular acceptances for the three a particles (although the 
background contribution being non-isotropic or interference effects of underlying resonance 
tails cannot be ruled out, and thus care must be taken in the analysis of Dalitz plots). For 
the same reason, the radial dependence of the present work, Fig. 6.9, cannot be compared in 
detail with the data or simulations of Freer et al.
Following Fig. 6.8 it can be expected that the angular dependence of the 13.352 MeV
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Figure 6.9: C om parison of the  12C 12.71 MeV 1+ s ta te  D alitz p lot rad ial dependence of 
th e  present work (right pane) and  th a t  of Freer et al. (left pane - taken  from Fig. 9 of [153]), 
observed decaying via th e  8 Be (2+) resonance. T he red and  blue curves are  as described in 
Fig. 6.5.
state will correspond to a Dalitz structure between those of Fig. 6.8b and 6.8c, and that the 
dependence of the 11.828 MeV state will reflect a pattern close to Fig. 6.8a. Comparison with 
the data of Fig. 6.5 and Fig. 6.7 show that for the 13.352 MeV state, shown in Fig. 6.10, the 
Dalitz structure is clearly different to both the 12.71 (Fig. 6.7) and 14.08 MeV (Fig. 6.5) states. 
That is, the pattern is not driven by the tails of these peaks. The clear difference between the 
angular dependence of those three states could be considered surprising because the excitation 
energy spectra of Freer et al. (Fig. 4 of [153]) and the present work (Fig. 5.76b) clearly show 
that the 12.71 MeV and, particularly, the 14.08 MeV experimentally measured peaks overlap. 
For the 13.352 MeV state of the present work it can be seen in Fig. 6.10 that the shape of 
the distribution shows excellent agreement with the data of Freer. However, the offset of 
the minima from zero counts (or “background” ) is relatively much smaller in the present 
work, despite the peak to background ratios being similar for the peaks in the corresponding 
excitation energy spectra. As will be argued below, this is an important observation. It 
was concluded by Freer et al., based on a comparison with simulations including an isotropic 
background contribution at a level of 50%, that an assignment of 4“  was most likely. They 
allowed that a 2~ or 3+ assignment could not be ruled out. The agreement of the present 
results with the earlier angular dependence data means that the current data support this 
conclusion.
For the 11.828 MeV state, Fig. 6.11, it can be seen that the Dalitz structure is clearly 
different from that of the neighbouring 12.71 MeV state (Fig. 6.7). Freer et al. argued that the
11.828 MeV state should have an assignment of 4_ and not the accepted 2“  of the compilation
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Figure 6.10: C om parison of th e  12C 13.352 MeV s ta te  D alitz plot angu lar dependence of 
th e  present work (right pane) and th a t  of Freer et al. (left pane - taken  from Fig. 10 of 
[153]), observed decaying v ia  the  8Be(2+ ) resonance. T he red curves are th e  sim ulations, for 
2_ , 3+ and  4~ decays, of Freer et al.
240 300
Figure 6.11: C om parison of th e  12C 11.828M eV sta te  D alitz p lot angu lar dependence of 
th e  present work (right pane) and  th a t  of Freer et al. (left pane - taken  from Fig. 11 of 
[153]), observed decaying v ia th e  s B e(2+ ) resonance. T he red curves are th e  sim ulations, for 
2~, 3+ and  4~ decays, of Freer et al.
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[78], because it was only the periodicity of the L =  3 decay of a 4~ level that could fit their 
data. Again from Fig. 6.11, it appears superficially that there is good agreement between 
the data of the two studies, with very similar periodicity and barely resolved double-peak 
maxima exhibited. However, there is in fact a disagreement in the phase, because the theta 
definition rims in the opposite sense in the two studies, so the plots should appear “flipped” 
in angle, as occurs in Fig. 6.5. This disagreement in the data is now discussed in the context 
of the systematic trends with excitation energy.
Figure 6.12: Graph of peak angle against excitation energy for each of the six individual 
peaks seen in Dalitz plots for the states observed in 8Be(2+)+4He decay. Solid lines are the 
lines of best fit for each peak.
From Fig. 6.8 it can be expected that as the 12C excitation energy increases, the individual 
peaks of the double-peak maxima move increasingly apart, to the point where they meet 
another individual peak to form new double-peak maxima, after passing through a six-fold 
symmetry pattern with an individual peak every 60 °. This predicts a smooth trend in a plot 
of the peak angles against excitation energy, for the six individual peaks. This plot is shown 
in Fig. 6.12, with the data measured from Figs. 6.5, 6.7, 6.10 and 6.11. Clearly the peaks 
show a consistent behaviour and track in the manner expected. Fig. 6.12 also indicates that 
the six-fold symmetry in the Dalitz plot should be evident at approximately 13.2+0.1 MeV. 
A similar illustration in Fig. 6.13 for the Freer et al. data shows that the 12.71, 13.352 and
14.08 MeV angular dependence spectra are consistent with the present work, allowing for the 
differing angle definitions, but that the 11.83 MeV plot is inconsistent. This departure from 
the systematics is explained by Freer et al. to be due to the strong effect of the L =  3 decay 
centrifugal barrier on this state, which shifts the strength for the decay through the 2+ state
6.2. 12C 203
Figure 6.13: Graph of peak angle against excitation energy for each of the six individual 
peaks seen in the Dalitz plots of Freer et al. The data are taken from Figures 8 to 11 of [153].
Solid lines are the lines in Fig. 6.12, mapped to the different angle convention of [153].
to lower 8Be* excitation energies and sharply alters the angular dependence.
To summarise the discrepancy between the present data and that of [153], the present plot 
on the right of Fig. 6.11 should have peaks close to 30°, 150° and 270° where it has minima, 
if it were to agree with [153]. As remarked above, it is surprising to see the counts fall as 
far as zero when there is known to be a significant background under the excitation energy 
peak. Now, the overall efficiency for detection of break-up from that 11.828 MeV state is 
plotted in Fig. 5.76b, and the state is right at the point where the efficiency is finally cutting 
off at zero. This means that the break-up is detected for only some very restricted ranges 
of break-up angles. Since the angular variable in Fig. 6.11 reflects the overall distribution of 
energy between the three a-particles in the break-up, it will also have some correlation with 
laboratory detection angles. Thus, it is just feasible that the maxima expected in Fig. 6.11 
are selectively suppressed by a much reduced efficiency. In principle, this could be modelled, 
but the fact that the break-up is right at the limit of the overall efficiency cut-off means 
that the simulations could not be taken as definitive. Thus, it is concluded that the present 
data should not be considered to contradict [153] concerning the 11.828 MeV state. Whilst 
the existing data are not able to support the earlier work, the uncertainties in the effects of 
detection efficiency mean that they equally do not contradict the earlier work. The interesting 
result of [153], in which the effect of the centrifugal barrier apparently becomes a large enough 
factor in the break-up to allow a spin assignment for the 11.828 MeV state, merits further 
investigation to give a proper confirmation.
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The preceding discussion has highlighted the issue of the peak to background ratio of 
the excitation energy peaks in the analysis of Dalitz plots, namely the contribution of the 
background to the oscillatory structures seen. Care must be taken to establish whether or 
not it is valid to assume an isotropic background contribution. Another issue raised was 
the question of overlapping tails of neighbouring states and higher resonances, and the effect 
that this has on any patterns seen. Another particularly important effect is that of the 
experimental angular acceptances. The analysis of Dalitz plots and their angular and radial 
dependences could nevertheless prove a very useful tool for the study of nuclear three-body 
final states; with the periodicity and especially the ratio of the double-peak maxima to the 
minima of the angular dependence strongly influenced by the Jn of the state, and the radial 
dependence possibly revealing information about the m-substate population of the reaction 
mechanism.
6.2.3 Levels at ~ 1 3 M e V  and 13.352 M eV  (2,4)~
The un-natural parity 13.352 MeV state tentatively assigned in the compilation [78] as 2~ 
was correlated in the present work with the measurement of a 13.32 MeV peak in the 8Be first 
excited state decay channel. This peak, in contrast, was not observed in the 8Be(gs) decay 
channel (Fig. 6.14). The observation of this state in the sBe(3.03MeV, 2+) break-up and 
not the 8Be(gs) channel supports the un-natural parity assignment. A state at this energy 
has long been established ([156] and references therein) but there has been no definitive 
spin assignment [78]. Recent work arguing in favour of a 4“  assignment has included a 
study of the 10B(3He,p)12C* reaction in which the break-up a energies were compared with 
simulations by 0 . Tengblad [157]. Also, theoretical calculations with a 3a model predicted 
a 4“  level at the nearby energy of 13.25 MeV (although the calculated width of 1.035 MeV 
exceeds the width of 0.375 MeV measured for the 13.352 MeV level) [158]. This state was 
also tentatively assigned 4“  in an analysis of radial decay correlations in a Dalitz plot for the 
three a  particles observed in the 12C(12C,3a)12C reaction studied by Freer et al. [153]. As 
discussed in Section 6.2.2, that conclusion is supported by the present work. The 13.352 MeV 
state has previously been observed via transfer reactions on a 10B target, as in the present 
work, in the early 10B(3He,paaa) studies of Waggoner et al. [159] and, much more recently, 
M. Alcorta et al. [160] in work related to [157].
In the 8Be(gs)+4He decay channel a possible new ~  13 MeV state appears as a low energy 
shoulder to the 14.08 MeV state, as is illustrated by Fig. 6.14. The width is greater than 
IMeV. This has no candidate assignment in the compilation [78] as it cannot be due to 
the un-natural parity 12.71 MeV and 13.352 MeV states. Recent work on /3-decay selectively
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Figure 6.14: Comparison of the 12C excitation energy spectra for decays to the 8Be(gs) 
and 8Be(3.03MeV, 2+) states, measured using telescopes T3 and T4 to detect the three 
a particles. The two 8Be(gs) curves have been approximately scaled to the height of the 
8Be(3.03MeV, 2+) decay channel 14.08 MeV peak (hence the red curve has been considerably 
scaled up relative to the blue curve).
populating 12C has exhibited states in this region. A 2+ state has been measured at 13.6- 
13.9 MeV with a width of 1.7 to 2.0 MeV by analysing 3ct break-up via the 8Be(gs) [161, 162, 
163]. However, this excitation energy is considerably above the excitation energy measured 
in the present work. It is not possible to say whether this newly observed —13 MeV state also 
appears in the 8Be(3.03MeV, 2+ ) break-up channel due to the presence of the 13.352 MeV 
state and the steeply rising background between the 12.71 and 14.08 MeV states.
6.2.4 High excitation 8B e (g s)+ 4He states
Fig. 6.14 shows the presence of highly excited states observed in the 8Be(gs, 0+ )+ 4He channel 
(red and blue curves) that are not seen in the sBe(3.03 MeV, 2+)+ 4He channel (black curve). 
A broad peak with a width of approximately 2 MeV appears at 19.35 MeV and two narrower 
peaks are at 22.02 and 24.15 MeV. Although the final two states appear to be absent in 
the red curve, Fig. 5.69a shows evidence for a horizontal line at the energy Erd — Ex — 
7.3666 MeV corresponding to the upper state and the lower state is arguably also evident. In 
the projection, they are lost due to a combination of the resolution and low statistics. The
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reaction used to populate the 12C* states, 12C(10B,12C*)10B(gs, 3+), and the detected 3a 
break-up channel dictates that the states have isospin T =  0. However, due to the resolution 
of the 10B(gs) Q-value peak and the software gate used in its selection, the presence of a 
small number of 10B(1.74MeV, 0+ ;T  =  1) recoils cannot be rilled out, which would allow 
the population of T =  1 12C states. Looking at the numerous states above 16 MeV quoted in 
the A  =  12 compilation [78] one can see that they are predominantly T  =  1 and thus would 
not be expected to have a large width for a-decay. Conversely, T  =  0 states in this energy 
region would be expected to be much broader due to the unhindered a-decay.
States in the region of interest have been observed in the 10B(3He,p)12C reaction, a 10B+g? 
mechanism as in the present work, at ~  18.5, ~  19.5, 20.5 and 22 MeV according to the 
compilation [78]. High excitation energy a-decaying 12C states have been observed by Segel 
et al. [164] in the 11B(p, a) reaction: in the ao channel these were at 17.77 (reported as 
0+;T =  1) and 18.36MeV (3~), with tentative states at 17.26 (1~;1), 18.72 (T =  1), 18.81 
(2+ ; 1) and 19.4 MeV (reported as 2+ , which differs from the compilation [78] value of 2“ ; 1), 
and in the ai channel at 16.56 (2~; 1), 17.26, 17.77, 18.36 and 19.4MeV. The authors further 
concluded [164] that two or more states are observed in the 19.2-19.5 MeV region, identifying 
a I - ; 1 and 2+;0 state in that energy range. Although many of the observed states were 
assigned T =  1 it was noted that the measurable a widths meant that they must have a 
considerable T =  0 admixture. Utilising the same reaction other authors [165] reported 
states in the ao channel at 17.77 (0+), 18.34 (given as 2+ , which differs from the compilation
[78] value of 3“ ), 19.4 and 20.63 MeV (3~; 1) and in the ai channel at 17.77, 18.34 and 
20.46 MeV. The reaction n B(d, ?Q12C has shown a peak at 19.55 MeV [166], it was concluded 
by the authors that the region around 19.5 MeV is complex with two or more states possibly 
being populated, namely a 2“ ; 1 state and two 4_ states with large T  =  0 +  1 isospin mixing.
Highly excited states in 12C were seen in early studies with telescopes of the 12C(p, p 'a)8Be 
reaction in the 8Be(gs) channel at 22.2 and 26.3 MeV and in the 8Be(3.03MeV, 2+ ) channel 
at 19.7, 21.1 and 26.0 MeV [167]. It was concluded that the 22.2 MeV state has possible 
mixed T  =  0 +  1 isospin or is a T  =  0 natural parity state that is found at the same energy 
as a T =  1 state. It was also commented that many of the states in this energy region have 
a large T =  0 component. Another study of the 12C(p,p'a)8Be reaction found 2+ states in 
the ao and a i channels at 18.5, 21.6 and 26.6 MeV, with an additional 2+ state in the ai 
channel at 24.1 MeV [168]. Many somewhat tentative states were observed by Jacquout et al.
[154] between 7.5 and 40 MeV excitation energy in 12C using the 12C(a, a;)12C*(3a) reaction, 
including states at 19.3 (assigned 2+ and decaying via ao), 20.1 (2-  via a i), 21.6 (2~ via 
a i), 22.5 ( l -  given to be decaying via the 8Be ground, first and 4+ 11.35 MeV excited states)
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and 24.5 MeV (2" via ai). A recent work that has exhibited numerous narrow states at high 
excitation energy in 12C, populated using the inelastic scattering reaction 12C(a, c / )12C*, was 
the study of M. Itoh et al. using a magnetic spectrometer [169]. A comparison of the results 
obtained in the present work with the results of Itoh [169] is included in Fig. 6.15.
Figure 6.15: Comparison of the high excitation energy states populated in 12C, observed 
via their a-decay to the 8Be(gs), in the present work with the results of M. Itoh et al. [169].
The yellow histogram is the data from the present work, whilst the solid black line is the data 
of [169] taken at a centre of mass angle 0c.m. = 5.1 °. The dashed black line is the simulated
efficiency for the detection set-up used to obtain the present data.
Figure 6.15 shows that all of the high excitation energy states observed in [169] above 
14 MeV are either definitely not seen or uncertain in the present work. The broad state 
observed by Itoh at 15.4 MeV clearly has no corresponding peak in the present work. At
18.2 MeV, a narrower state cannot be associated with the broad state seen here at 19.35 MeV. 
The broad state at approximately 21.8 MeV is close in energy to the present 22.02 MeV peak, 
but is considerably wider than the width measured here of ps 430 keV. Itoh’s spectrum displays 
an apparently narrow doublet of states at approximately 23.4 and 23.8 MeV, which are quite 
close to the 750 MeV wide 24.15 MeV peak in the present work. It should be noted the 2+ 
4.44 MeV state is observed outside of the energy range included in Fig. 6.15 and that the
0+ 7.6542 MeV state is seen when the spectrometer is at a lower angle, 0c.m. =  0.9°. It is
worth noting that the 4+ 14.08 MeV state is not populated in the Itoh measurements. The
14.08 MeV state, considered to be the third member of the ground state rotational band, was 
populated by A. Kiss et al. [170] in the inelastic a + 12C scattering reaction with an a energy 
of 172.5 MeV, compared to the a  energy of 386 MeV used by Itoh et al. A. Kiss et al. used
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telescopes over a wide range of laboratory angles up to 30 °. They also observed the ground 
state (0+) and states at 4.4 (2+), 7.6, 9.6 (3“ ), 14.0, 15.3 (2+), 18.4 (2+), 21.6 (2+), 24.0.
26.2 (L ~  2) and 29.2 MeV (L ~  2 +  4). Below 25 MeV these energies are consistent with 
those of Itoh et al The 14.08 MeV state, having higher spin, is weaker at the more forward 
angles in the data of Kiss et al, which is consistent with Itoh et al’s non-observation of this 
state. Itoh et al do, however, see the narrow unnatural parity state at 12.71 MeV and the 
narrow 11.828 MeV state.
The peak observed in the present work at 19.35 MeV is not seen in the results of either 
Itoh et al or Kiss et al The present work uses a different population mechanism and also 
imposes a requirement that the decay of the state should proceed through the 8Be(gs). It is 
clear from the brief description of previous works given in this section that excitation energies 
in 12C above 16 MeV form a complex region. The 2 MeV wide 19.35 MeV peak observed in 
the present work is possibly due to two or more unresolved states, with a-decaying states 
having previously been seen between 19.3 and 19.7 MeV, often being assigned spin-parities 
of 2+ [164, 154]. Note that the authors of the paper studying the proton resonant reactions 
[164] make the specific point that the region near 19.3 MeV appears likely to include broad 
unobserved resonances. The existence of overlapping resonances was also inferred by Jacquout 
et al [154]. That work [154] described an ambitious study of reactions induced by 100 MeV a- 
particles incident on nuclear plates, with triple-a break-up products tracked with submicron 
accuracy in three dimensions. Also, due to the width of the observed 19.35 MeV peak, 
population of the a-decaying states measured in previous works between 18.3 and 18.5 MeV 
cannot be ruled out. The a-decay for these latter states, which means they are T  =  0 or 
have a certain T — 0 admixture, has been seen to both the 8Be(gs) and 8Be(3.03 MeV, 2+) 
channels however, in contrast to the 19.35 MeV peak where only the 8Be(gs) decay is seen, 
so this argues against their production.
The known 1.2 MeV broad 3_ , 2+ ; T  =  0 state at 21.6 MeV has been observed to a-decay 
to the ground and first excited states of 8Be [168, 154]. At 22.02 MeV and approximately 
430 keV wide the energy and width of the state observed in the present work is not consistent 
with the known 22.0 MeV 1~;1 (width of 800 keV) and 22.40 MeV 1~;1 (275 keV) states of 
the compilation [78]. The a-decay of states at these energies [167, 154] indicates T  =  0 
strength. It can be suggested that a T  =  0 state has been found at the same energy as a 
T  =  1 state. Prior to the observation of the «  750 keV broad 24.15 MeV peak in the present 
work in the 8Be(gs) channel, a-decaying states around 24 MeV had only been seen in the 
8Be(3.03MeV, 2+ ) final state channel [168, 154]. With the only known states around this 
energy being the 400 keV broad 23.92 MeV (I- ; 1) and 100 keV broad 24.43 MeV states it can
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be suggested that the 24.15 MeV peak is due to a new T  — 0 or mixed isospin T — 0 +  1 
state. Narrow states at such high excitation energies observed only in the 8Be(gs)+4He decay 
channel could be consistent with low-spin mixed isospin T =  0 +  1 states. The presence of 
the states in the ground state channel dictates natural parity and the absence in the 8Be(2+ ) 
channel suggests, as decay to the 8Be(2+ ) channel can’t compete, possible low spin Jn of 0+ 
and I- . Low spin states that decay to the 0+ 8Be ground state with such small widths would 
require that the states had T — 0 +  1 nature with a small T  =  0 admixture. The angular 
correlations potentially evident in Dalitz plots (introduced in Section 5.2.9) unfortunately 
do not reveal any information pertinent to the discussion of the spin and parity of these 
high excitation energy states as the associated Dalitz plots only exhibit lines on the extreme 
periphery of the circle (as is already observed for the low excitation energy 9.641 MeV state 
shown in Fig. 5.72b).
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Figure 6.16: Energy levels of 12C from recent AMD calculations by Y. Kanada-En’yo, 
taken from Fig. 1 of Ref. [171].
Typically 3a-cluster models have only extended to the low level excited states in 12 C 
[172, 173]. One recent theoretical treatment that extended to higher excitation energies, as 
well as giving a good agreement with the known lower states, was the AMD calculations of 
Y. Kanada-En’yo [171], with predicted states up to 20 MeV. The results included in Fig. 1 of 
[171] are reproduced in Fig. 6.16. However, none of the calculated states above 15 MeV have 
low spin and natural parity, as suggested by the measurements of the present work. A 3a- 
cluster model calculation by C. Kurokawa and K. Kato [174] provided good agreement with
6.3. 8B 210
the lower excitation energy states of the compilation [78] and also predicted, above 18 MeV, 
states at 18.29 (3~), 18.69 (5"), 20.39 (4+), 21.59 (0+), 22.39 (2+) 24.89MeV (2+). These 
states may provide evidence for the persistence of a-cluster structure at very high excitation 
energies and be candidates for the experimentally observed states in the present work.
6.3 8B
6.3.1 6Li-f-12C entrance channel
In the ANU 2002 experiment it was intended to study 8B three-centre states via the GLi+12C 
reaction and the three-body final-state channel 4He+3He+1H. The results presented in Sec­
tion 5.1 show that no evidence for the three-body decay of 8B states was found, either via 
4He+3He+1H break-up, 7Be(gs)+1H break-up or 6L i+1H +1H break-up. This may imply a 
lack of population of the three-body mass centre states, or it may be that those states decay 
via other channels, or in the case of 6L i+1H +1H it could be that the detector efficiency, 
geometry and energy thresholds precluded detection. It can be noted, also, that the Q-value 
for 6L i+1H +1H is —27.185 MeV, which is very negative.
For the 6L i+12C entrance channel the SB would be populated by two-proton addition to 
the 6Li beam. Therefore, it is instructive to consider results from the (3He,n) two-proton 
transfer reaction. The 6Li(3He,n)8B reaction has been seen to populate the 8B 2+ ground 
state and the 0.7695 MeV 1+ first excited state [175], From the neutron angular distribution 
for the 6Li(3He,no)sB reaction [176] the authors inferred a 4He+3He-f1H cluster configuration 
component for the 8B ground state.
As pointed out in the Introduction, the absence of 8B states between 3.5 MeV and 
10.619 MeV according to the literature [9] is somewhat surprising when the same energy 
region in 8Li has half a dozen states [9]. All three of the known excited states in 8B below 
the T  =  2 10.619 MeV 0+ state (namely a 1+ state at 0.7695 MeV, 3+ at 2.32 MeV and 2“  at
3.5 MeV) have been observed in x'esonant 7Be+p scattering [19, 21] and in addition the first 
two excited states were observed in radiative proton capture on 7Be [18]. Considering that 
all of the known T =  1 excited states in SB have been observed in proton addition to 7Be it is 
instructive to examine the 8Li states populated in the mirror reaction 7Li+n. The radiative 
neutron capture reaction 7Li(n, 7 )8Li has been seen to populate the second excited state at 
2.255 MeV, 3+ [177, 178] (the first resonance above the 7Li+n threshold of 2.03229 MeV). In 
a measurement of the resonant 7Li+n elastic scattering reaction 7Li(n, n)7Li [179] evidence 
for 6.1 MeV (J — 3), 6.53 MeV 4+ and 7.1 MeV (unassigned) sLi states was observed. It is 
worth noting that [179] is the only observation of the 6.1 and 7.1 MeV states to date. In the
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inelastic resonant scattering reaction 7Li(n, n ')7Li(0.478 MeV) evidence for the 8Li 3.21 MeV 
1+ [180] and 5.4MeV 1+ [181] states has been observed. It can be seen from the above 
and the compilation [9] that information on states above 3 MeV in 8Li is somewhat scarce. 
The larger Coulomb repulsion in 8B increases the excitation energy of 8B states by ~2 MeV 
compared to their mirrors in sLi, moving them higher above the nucleon decay threshold. 
Since this increases the width of the states, it could thus be expected that it would be an 
inherently difficult experimental challenge to observe the analogue 8B states of interest here. 
For example, the 3+ ;T  =  1 state at 2.255 MeV in sLi is unbound by 0.23 MeV and has a 
width of 33±6keV [9], whereas the mirror in 8B at 2.32 MeV is unbound by 2.18 MeV and 
has a width of 350±30 keV [9].
6.3.2 10B-{-12C entrance channel
In the ANU 2005 experiment, an entrance channel of 10B + 12C, states in 8B could be pop­
ulated via two-neutron stripping. Simple two-neutron removal from the 10B ground state 
configuration would not be expected to populate the three-body configurations described in 
Section 1.2, although the same break-up channels are energetically open.
For the 4He+3He+1H coincidences there are no clear peaks present in the reconstructed 
7Be excitation energy, the presence of which would have indicated that there was the possibil­
ity of 8B decaying via an intermediate discrete 7Be resonance. Therefore, the 4He+3He+1H 
coincidence spectra were gated on a large energy region. It should be noted that software 
gates were placed on the reconstructed 14G recoil energy and angle for the purposes of the 
analysis of 4He+3He+1H coincidences (as described in Section 5.2.3). The relevant Catania 
plots, Fig. 5.27d and Fig. 5.28d, show that the 4He+3He+1H +14C exit channel was detected, 
with the correlated diagonal straight lines observed in the corresponding two-dimensional 
excitation energy spectra, Fig. 5.32, demonstrating that the final state interaction was in­
deed between the 4He, 3He and 1H particles. However, no discrete 8B resonances can be 
seen, with apparently uniform counts from low to very high excitation energies, meaning that 
the 4He+3He+1H correlation is either due to the presence of 4He+3He+1H decays of broad 
overlapping 8B resonances or the population of the 4He+3He+1H three-body continuum.
Turning to the analysis of 7Be+1H coincidences, it is clear that the first two excited states 
in SB, a 1+ level at 0.7695 MeV and a 3+ level at 2.32 MeV, are seen in this decay channel 
(Figures 5.21 and 5.22). Through the use of software gates placed on the reconstructed 
14 C recoil energy and angle this break-up reaction channel, effectively hidden by random 
7Be+1H coincidences, was quite cleanly selected, thus demonstrating the potential power 
of using the DSSSD A E  stage of the detector telescopes as detectors for recoils that do
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not punch through to the PSSSD stage. The recoil energy and angle software gates used 
in the 7Be+1H break-up analysis were exactly the same as those utilised for 4He+3H.e+1H 
coincidences. From inspection of the excitation energy spectra from the two analyses, it is 
clear that 8B resonances with excitation energies from 0.5 MeV to over 28 MeV can potentially 
be observed and thus that the absence of observed three-body resonances is absolutely not 
due to limitations imposed in the analysis. The first two 8B excited states have been observed 
in resonant 7Be+p scattering [19, 21] and also in radiative proton capture on 7Be [18], which 
would indicate that those states had overlap with a 7Be+p configuration and could thus be 
expected to exhibit strong 7Be+p break-up. At 3.5 MeV, the 2“  third excited state was also 
seen in resonant 7Be+p scattering (which is in fact the only observation of this state [21]), 
but not in radiative proton capture (its width is 8±4MeV). The large width makes difficult 
the observation of this state in the present work, although the experimental set-up would 
allow for the detection of resonances at such an excitation energy.
Two-neutron removal from 10B has previously been seen by Yasue et al. [182] and Squier 
et al. [183], via the 10B(p, t)8B reaction, populating the ground state and the 1+ 0.7695 MeV 
and 3+ 2.32 MeV states. In both works the 0.7695 MeV 1+ state was only weakly excited. It 
was concluded by the authors of [183] that this was due to the single-particle proton nature 
(7Be+1H) of the 0.7695 MeV 1+ state, i.e. the neutrons are in their lowest configuration 
and one proton is in an excited state, and if the two-neutron pick-up (p,t) reaction is a 
direct process then the proton configuration of the target should not be disturbed by the 
interaction that is mainly between the incident p and two neutrons, which would thus mean 
that single-particle proton states could only be weakly excited. In the present work, the 
observed 0.7695 MeV 1+ state was only slightly more weakly excited than the 3+ 2.32 MeV 
state (see Fig. 5.21), even though the simulated detection efficiencies for the two excitation 
energies were comparable.
6.4 10B
Excited states in 10B, populated via the 10B + 12C entrance channel used in the ANU 2005 
experiment (Section 5.2), were found in the reconstruction of 4He+4He+2H coincidences, 
decaying via intermediate 8Be(gs)+2H and 6Li*(2.186 MeV, 3+ ;0)+4He resonances, and in 
6Li(gs)+4He coincidences. There was no evidence of deuteron decay to 8Be excited states 
or of proton decay to 9Be states. The data obtained in the ANU 2002 experiment (see 
Section 5.1.3) are consistent with, but superseded by the better quality of the 2005 data-set. 
A schematic plot summarising the states populated in 10B and observed via the various decay
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channels is shown in Fig. 6.17.
MeV
Figure 6.17: Schematic plot of the states populated in 10B, observed via the different 
decay channels seen in the 12C(10B,10B*)12C reaction. Red lines correspond to the relevant 
break-up thresholds. Selected compilation values taken from [105].
The excitation energy spectra for 10B observed via the 6Li(gs)+4He break-up channel 
were presented in Section 5.2.1 in figures 5.10 and 5.11, and in Table 5.1. As with the 
break-up channels discussed in previous sections, it was seen that for 10B reconstructed from 
6Li(gs)+4He the excitation energies measured using T3 and T4 telescope combinations were 
the most reliable. This is from a comparison with known states listed in the compilation
[105]. Events with both particles in either T3 or T4 were next best, while T2 and T3 
combinations tended to be 100-150 keV lower. Thus, for any peaks that were observed in 
more than one telescope combination the centroids from the (T3,T4) combinations were 
averaged preferentially, and when the excitation energy peaks were missing from those two 
spectra the centroids for both particles in the same telescope were used. The excitation 
energies obtained for peaks seen in the 6Li(gs)+4He break-up channel were then 4.73 (from 
5.10e and 5.10f), 5.07 (from 5.10e and 5.10f), 5.97 (from 5.10e and 5.10f), 6.53 (from 5.10e),
7.03 (from 5.10a and 5.10b), 7.93 (from 5.10a), 8.70 (from 5.10a and 5.10b) and 12.87MeV 
(from 5.10a and 5.10b). These adopted excitation energies are shown, alongside states from 
the A=10 compilation [105], in the third column of Fig. 6.17 and are also included in Table
5.1 (errors are discussed below).
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For 10B observed via the sBe(gs)+2H break-up channel the excitation energy spectra 
were presented in Section 5.2.4 in figures 5.36 and 5.37, and Table 5.3. Comparison with 
the compilation implied that for 8Be(gs)+2H coincidences the same order of preference for 
telescope combinations as above should be followed. With this prescription, 10B peaks were 
identified in the 8Be(gs)+2H break-up channel with excitation energies of 6.99 (from 5.36e 
and 5.36f), 7.88 (from 5.36e and 5.36f) and 8.65 MeV (from 5.36a and 5.36b). These adopted 
excitation energies are shown in the first column of Fig. 6.17 and are also included in Table
5.3 (errors are discussed below).
The excitation energy spectra for 10B observed via the 6Li*(2.186 MeV, 3+;0)+4He break­
up channel were presented in Section 5.2.4 in figures 5.43 and 5.45, and Table 5.4. The 
GLi*+4He telescope combination preference for excitation energy was the same as for the 
8Be(gs)+2H break-up channel. This resulted in peaks in the 6Li*(2.186 MeV, 3+ ;0)+4He 
break-up channel being identified at 6.93 (from 5.43e), 8.05 (from 5.43e and 5.43f), 9.45 (from 
5.43f) and 12.88 MeV (from 5.43a and 5.43b). These adopted excitation energies are shown 
in the second column of Fig. 6.17 and are also included in Table 5.4 (errors are discussed 
below).
Included, as dashed red lines, in Fig. 6.17 are the break-up thresholds for 6Li(gs)+4He, 
8Be(gs)+2H and 6Li*(2.186MeV, 3+ ;0)+4He, at 4.461, 6.0267 and 6.647MeV, respectively. 
Further decay thresholds are 6.5859, 8.4363, 9.0567, 17.7883 and 18.6691 MeV, for the 9Be+p, 
9B+n, 8Be*(2+ )+ 2H, 7Li+3He and 7Be+3H channels, respectively. The uncertainty in the 
quoted excitation energies is typically 100 -150 keV, which follows from the variation in the 
assigned energies between telescope combinations and also, for states with clear assignments, 
observed discrepancies from literature values. Good agreement between the energies measured 
in the three break-up channels and those of states in the compilation [105] provides strong 
support for the peak assignments made.
Considering the 6Li(gs)+4He break-up channel first, the lowest energy identified peak, at
4.73 MeV, corresponds to the 4.774 MeV 3+ state, as there are no other known states close 
by. Likewise, the peak at 5.07MeV has only one known candidate assignment, the 5.11 MeV 
2~ state. The peak at 5.97 MeV, by far the strongest populated, can be associated with one 
or more of three known states, namely the 5.92 MeV 2+ , 6.025 MeV 4+ and 6.127 MeV 3“  
states, which have widths of 6 keV, 0.05 keV and 2.36 keV, respectively. With an apparent 
(experimental) width of approximately 190 keV the 5.97 MeV peak cannot be linked to a 
single known state. The peak at 6.53 MeV has only one possible assignment, the 6.56 MeV 
4“  state. At 7.03 MeV, the small but clear peak can be associated with the 7.002 MeV (3+) 
state. However, a contribution from the 6.873 MeV 1“  mixed T =  0 +  1 isospin state cannot
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be ruled out. Next in energy is the 7.93 MeV peak, associated here with the 285 keV wide 
7.96 MeV T =  0 state. Whilst the 8.07MeV (2+ ) state is a candidate on energy grounds, 
its width, 800 keV, is far greater than the experimental width of —400 keV measured in the 
present work. The clear peak at 8.70 MeV can be associated with the 8.68 MeV (3+ ) state. 
The highest energy peak in the present work, a broad peak at 12.87 MeV, cannot be readily 
associated with any known state. At 12.87 MeV this peak falls in excitation energy between 
the 12.56 MeV (1+ , 2+ , 3+) and 13.49 MeV (1+ , 2+ , 3+) states, which have widths of 100keV 
and 300 keV, respectively. At a width of approximately 900 keV, or —800 keV when the 
experimental resolution of —440 keV is subtracted in quadrature, it can be considered unlikely 
that the peak in the present work is due to a contribution from both of the 12.56 MeV and 
13.49 MeV states, although it cannot be ruled out. This can be taken as tentative evidence 
for the presence of an unreported state in 10B at 12.87 MeV with an experimental a-decay 
width of —800 keV.
In the 8Be(gs)+2H break-up channel the clear peak at 6.99 MeV can be associated with 
the 7.002 MeV (3+) state, although population of the 6.873 MeV 1“  mixed T — 0 +  1 isospin 
state cannot be ruled out. On energy grounds the 7.88 MeV peak can be associated with 
the 285 keV wide 7.96 MeV T — 0 state, although due to the measured width of —480 keV 
a contribution from the 7.75 MeV 2~ mixed T — 0 + 1  isospin state cannot be discounted. 
Population of the 8.07 MeV (2+) state can be considered unlikely in the present work. At 
8.65 MeV the highest energy peak in the present work can be associated with the 8.68 MeV 
(3+ ) state. Interestingly, although the simulated detection efficiency is sufficient, indeed it 
is near its maximum in this region, there are no observed peaks above 9 MeV in the present 
work.
Turning to the 6Li*(2.186 MeV, 3+ ;0)+4He break-up channel, the peak at 6.93 MeV can 
be linked to one or both of the states at 6.873 MeV I- ; 0 +  1 and 7.002 MeV (3+ ). Although 
marginally closer in energy to the 6.873MeV 1_ ;0 +  1 state, neither state can be favoured 
on excitation energy or width grounds. An association of the clear peak at 8.05 MeV with 
the 800 keV wide 8.07 MeV (2+ ) state is favoured on excitation energy grounds. However, 
contrary to this, the experimentally measured a-decay width of —460 keV could suggest an 
association with the 7.96 MeV T =  0 state. The small but clear peak at 9.45 MeV has only one 
known candidate assignment, the 9.58 MeV T  =  0 state. The highest energy peak observed 
in this break-up channel, at 12.88 MeV, falls between the known 12.56 MeV (1+ , 2+ , 3+) 
and 13.49MeV (1+ , 2+ , 3+ ) states. Although population of both known states cannot be 
ruled out, with a measured width of approximately 1.0 MeV the 12.88 MeV peak found in the 
present work can be considered as tentative evidence for an unreported state in 10B.
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The population of strongly a-decaying and 8Be(gs)-P2H decaying states above the single­
nucleon decay thresholds can be considered as evidence for their a  cluster nature. The 
presence of the 6.56 MeV 4_ state in the 6Li(gs)+4He break-up channel and its absence in 
the 8Be(gs)+2H decay channel, despite the simulated detection efficiency being sufficient at 
this excitation energy, could be considered as evidence for its 6Li+4He cluster nature. A 
similar experimental result was obtained in the recent work by Curtis et al. [184], with the 
observation of a 6.66 MeV peak, where the various decay channels of 10B were studied via the 
12C(7Li,10B*)9Be and 16O(7Li,10B*)13C reactions (a 7Li beam and 12C backed L^O target was 
utilised). A state at approximately 7 MeV is populated in all three of the break-up channels 
described in this section. However, the current data are not sufficient to definitively conclude 
whether or not it is the same state being populated, although based on energy grounds 
one could tentatively say that the 7.002 MeV (3+ ) state is favoured in the 6Li(gs)+4He and 
sBe(gs)+2H channels and the 6.873MeV 1~;0 +  1 state in the 6Li*(2.186 MeV, 3+ ;0)+4He 
channel. The work of Curtis et al [184] favours the population of the 7.002 MeV (3+ ) 
state in the 6Li(gs)+4He and 8Be(gs)+2H decay channels, but finds no evidence for either 
state in the 6Li*(2.186 MeV, 3+ ;0)+4He break-up channel where the simulated experimental 
detection efficiency is effectively zero for the particular channel in that work. Population of 
the 7.002 MeV (3+) state in the 6Li*(2.186 MeV, 3+ ;0)+4He channel in the current work would 
support the conclusion of Soic et al. [185] and Miljanic [186], namely that the 6Li*(3+ )+ a  
decay of the state strongly supports the uncertain 3+ assignment currently tabulated [105]. 
The authors of [185] and [186] argued that the 6Li*(2.186 MeV, 3+ ;0)+4He decay (which has 
a threshold energy of 6.647 MeV) would be strongly suppressed for the 7.002 MeV state by 
a centrifugal barrier if it were not a 3+ state: that is, a 3+ state with an associated L =  0 
transition would be necessary to account for observation of this decay branch with the small 
decay energy of 0.355 MeV.
Peaks at approximately 8 MeV were observed in the three break-up channels summarised 
previously in this section. In the 6Li(gs)+4He and 8Be(gs)+2H channels the peaks appear in 
energy closer to the 7.96 MeV T  =  0 state, whereas the 6Li*(2.186 MeV, 3+ ;0)+4He channel, 
in energy only, favours the 8.07 MeV (2+ ) state. For all three channels the experimentally 
measured widths favour the 285 keV wide 7.96 MeV T  =  0 state. In the recent work of Curtis 
et al. [184] peaks were observed in the 6Li(gs)+4He and 8Be(gs)+2H channels via reactions 
from the 12C(160 ) content of the target at 8.04(8.05) MeV and 8.01(7.97) MeV, respectively 
(the 6Li*(2.186 MeV, 3+ ;0)+4He channel efficiency at this excitation was negligible). These 
were associated in [184] with the 8.07 MeV (2+ ) state and are over lOOkeV higher than those 
found in the present work. Although no mention of the experimental widths is given, visual
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inspection appears to indicate widths of less than 500 keV for both channels, similar to those 
found in the present work and considerably less than the 800 keV of the 8.07 MeV (2+) state. 
Even though the peaks were observed 100 keV higher the similar widths could possibly suggest 
that the peaks seen by [184] are due to the same state as that in the present work, with the 
absence in the 6Li* (2.186 MeV, 3+ ;0)+4He channel due to the negligible efficiency at around 
8 MeV.
According to the compilation [105], the 7.96 MeV T  =  0 state has previously only been 
observed in decay to the 6Li*(2.186 MeV, 3+ ;0)-j-4He channel, and indeed only in the results 
of one work with any certainty, that of Leask et al. [187] (in a more recent study of the 
9Be(7Li,10B*)6He reaction [185] the relevant spectrum (Fig. 3(b)) shows a high channel at 
~8M eV excitation but the authors stop short of claiming definite observation of a peak). In 
the present work, contrary to the above, the 7.96 MeV T =  0 state is apparently observed 
in the 6Li(gs)+4He, 8Be(gs)+2H and, more tentatively, in the 6Li*(2.186 MeV, 3+;0)+4He 
channel.
In the work of Leask et al. [187] states in the p, d, ao and ai decay channels were studied 
using the 7Li(12C,10B*)9Be reaction, including two new T =  0 states at 7.96 and 9.58 MeV. 
The authors of [187] concluded that the observed peaks were new T  =  0 states because they 
could not be readily correlated with known states, due to the width of the 8.07 MeV state, 
800 keV, far exceeding the value of 285 keV measured in [187] and there being no candidate 
T ~  0 known states for the observed 9.58 MeV peak. For the peaks observed in the different 
decay channels at approximately 8 MeV in the current work the same width based argument 
can be applied, providing possible supporting evidence for the observation of the 7.96 MeV 
T =  0 state in [187]. However, in [187] the 7.96 and 9.58 MeV states were only observed 
in the 6Li*(2.186 MeV, 3+ ;0)+4He channel (which was concluded to be due to the strong 
structural link to the 6Li* (2.186 MeV, 3+ ;0)+4He final state). This is contrary to the results 
of the current work for the 7.96 MeV state.
The apparently contradictory observations that the peaks seen in all three of the decay 
channels at ~8 MeV in the current work have widths that match that of the 7.96 MeV T  =  
0 state seen only in the 6Li*(2.186 MeV, 3+ ;0)+4He channel in [187] could potentially be 
resolved by the suggestion that both the 285 keV wide 7.96 MeV T  =  0 state and the 800 keV 
wide 8.07 MeV (2+) state decay to all of the 6Li(gs)+4He, 8Be(gs)+2H and eLi*(2.186MeV, 
3+ ;0)+4He channels. This conclusion would require that Leask et al. [187] did not observe 
the 6Li(gs)+4He and 8Be(gs)+2H decays for efficiency reasons, even though sufficiently high 
efficiencies for those channels were given in [187], and that Curtis et al. [184] did not observe 
the 6Li*(2.186 MeV, 3+ ;0)+4He channel because the experimental set-up was not sensitive to
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that channel.
Given the possible conclusion of these two states, which are only 110 keV apart, decaying 
to the same channels the compilation [105] width of the 8.07 MeV state should be examined. 
It was suggested in the work of Hornyak et al. [188], through a theoretical study of the 
9Be(p, d)8Be work of Weber et al. [189], that a state should exist at 8.07 MeV. It was also 
suggested that the total width, fitted to be —900 keV, was dominated by the deuteron decay 
width and only had a very small alpha width. This suggestion was later tentatively supported 
by the resonant proton scattering work of Mo et al. which only estimated, due to the very 
small contribution of the state in that reaction channel, a similar resonance energy and 
width [190]. However, the author of [189] does not give a resonance energy or width for 
the resonance feature seen in the 9Be(p, d)8Be cross section, concluding that the resulting 
angular distribution is dominated by strong interference effects with neighbouring states and 
the direct reaction contribution. Together, this casts doubts on the resonance parameters in 
the literature for the state given as 8.07 MeV (2+ ) with a 800 keV width [105]. This doubt 
over the 8.07 MeV (2+ ) state leads to the simplifying suggestion that there is a single state, 
with an excitation energy between 7.96 MeV and 8.07 MeV and a width of less than 400 keV, 
that decays to all of the 6Li(gs)+4He, 8Be(gs)+2H and 6Li*(2.186 MeV, 3+ ;0)+4He channels. 
With the assumption of a single state, the appropriately weighted average of the various 
measured excitation energies (one in [187], four in [184] and three in the present work) is 
then 7.97 ±0.05 MeV.
The absence of the 8.68 MeV (3+) state in the 6Li* (2.186 MeV, 3+ ;0)±4He break-up chan­
nel when it is over 2 MeV above the relevant decay threshold and its clear population in the 
6Li(gs)+4He and 8Be(gs)+2H channels could suggest that it possesses a structure consider­
ably different to that of a 6Li*(2.186 MeV, 3+ ;0)±4He system. This is strengthened by the 
fact that the alpha-decay would be L =  0 if the (3+) is correct. The same channel pop­
ulation systematics were observed by Curtis et al. [184]. The 9.45 MeV state observed in 
the present work has only one candidate assignment in the literature, that of the 9.58 MeV 
T — 0 state studied by Leask et al. [187], The observation here of a 9.45 MeV state in the 
6Li*(2.186MeV, 3+ ;0)±4He channel but not the 6Li(gs)+4He and 8Be(gs)+2H channels sup­
ports the conclusion of [187], although with the state possibly at a slightly lower excitation 
energy. The observation of a peak at 12.87 MeV in the 6Li(gs)+4He break-up channel and 
at 12.88 MeV in the 6Li*(2.186 MeV, 3+ ;0)+4He break-up channel, with widths of —900 keV 
and —1.0 MeV, respectively, together provides evidence for the population of a previously 
unreported state in 10B due to the good agreement of the two excitation energies and decay 
widths.
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It is interesting to note that, despite the clean Q-value spectra seen in Section 5.2.5, there 
appears to be a lack.of 10B states observed in the 9Be+1H decay channel. The fact that states 
observed in the other decay channels described in this section above the 9Be+1H break-up 
threshold of 6.5859 MeV are not populated in the 9Be+1H decay channel could be further 
evidence for the a cluster nature of those states. It can be qualitatively stated that, of the 
10B decay channels studied in the present work, the 6Li(gs)+4He decay channel is clearly the 
most dominant decay channel (see figures 5.10, 5.36 and 5.43). This indicates that in the 
structure of 10B the a  particle has a strong role to play, and indeed can be seen as strong 
evidence for 6Li(gs)-|-4He clustering in 10B.
Chapter 7
Conclusion
7.1 Overview
This work was originally designed as a search for the “missing” excited states of 8B that 
are expected theoretically and which are also implied by analogy with the levels known 
in the conjugate nucleus 8Li. Two reactions with very different selectivity were chosen to 
study SB, namely two-proton addition to 6Li (performed in 2002) and two-neutron removal 
from 10B (performed in 2005). In the 6Li+2p experiment, the analysis and reconstruction 
algorithms for determining the spectroscopy of resonant reaction products were validated by 
the reconstruction of known states in 9B, 10B and 12 C. No evidence was seen, in this reaction, 
for direct or sequential break-up of SB into the three-body final state 4He+3He+1H. In the 
10B—2n experiment, the reconstruction was validated by reconstructing the decay of known 
SB states into 7Be-j-p.
The experiment with the heavier, 10B, projectile proved to be an effective means of pop­
ulating molecular structures in boron and carbon isotopes with masses 10-12, allowing a 
reexamination and refinement of earlier work, and a new assessment of the rotational struc­
ture of these nuclei.
7.2 8B
With regard to the ANU 2002 experiment (Section 5.1) compared to the 2005 experiment 
(Section 5.2), the overriding impression is the small number of final state reaction channels 
populated, largely with an absence of clear evidence for the decay of states in the intermediate 
resonant nuclides. Section 5.1 provides evidence for the population of states in just three final 
state channels, namely the 9B ground state resonance, two levels in 10B just above the a- 
decay threshold and states in 12C. For 10B and 12C these states were seen more clearly in
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the 2005 experiment, with the heavier projectile, and the better quality data exhibit many 
more states. This better quality in the 2005 experiment data extended to many other reaction 
channels that were populated, as discussed in Section 5.2. The results of the 2002 experiment 
highlighted the limitations in resolving 4He and 3He, as well as 2H and 1H. This illustrates the 
importance of energy resolution, in all stages of the detector telescopes, for effective particle 
identification and, consequently, accurate reconstruction.
The results and discussion presented in Sections 5.1 and 6.3.1, respectively, show that 
no 8B three-centre states (proposed in Section 1.2) were found in the 2002 experiment via 
4He+3He+1H break-up. Neither was there any population of states in SB that decayed by 
either 7Be(gs)+1H or 6L i+1H +1H break-up. Thus, either there was a lack of population of 
the three-centre states in the 12C(6Li,8B*)10Be two-proton transfer reaction, or those states 
decay via other channels, or the detector efficiency, geometry and energy thresholds precluded 
detection. All of the T  =  1 resonances previously observed in 8B have been seen via reactions 
involving proton addition to 7Be. The same excitation energy region in 8Li as studied with 
the mirror reaction 7Li+n shows a paucity of information on states above 3 MeV in 8Li 
(Section 6.3.1). Taking into account also the increased Coulomb repulsion in 8B that raises 
the excitation energy of the analog states further above the nucleon decay threshold, the 
large width expected for 8B states, even compared to their mirrors in 8Li, may be sufficient 
to prohibit observation of the three-centre states of interest. It should be noted that SB states 
have indeed previously been populated in two-proton transfer onto 6Li, with the observation 
of the 2+ ground state and 0.7695 MeV 1+ first excited state in the 6Li(3He,n)8B reaction. 
This provides a possible avenue for future work studying higher energy states in 8B.
The second experiment aimed to populate higher energy T  =  1 states in 8B, although not 
the same three mass-centre configurations searched for in 2002 due to the differing reaction 
mechanism. The first two known 8B excited states, 0.7695 MeV 1+ and 2.32 MeV 3+, were 
seen strongly in 7Be+p decay, consistent with their previous observation in 7Be+p reactions. 
The analysis of 7Be-t-p and 4He+3He+1H coincidences shows that the detection of 8B ex­
citation energies from 0.5 MeV to over 28 MeV was possible in the present work. Although 
with low statistics, the Catania plots for 4He+3He+1H coincidences show that the desired 
four-body final state channel (which has an unobserved 14C recoil) has been observed. The 
two-dimensional excitation energy spectra show that the final state interaction is between the 
4He, 3He and 1Ii particles. Since no clear discrete resonances are observed, this indicates ei­
ther the 4He+3He+1H break-up of broad overlapping SB resonances or the direct population 
of the 4He+3He+1H three-body continuum. This experiment made an important advance 
in how to identify a very weak channel by means of complete kinematical observation. By
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the use of software gates placed on the reconstructed 14 C recoil energy and angle and the 
corresponding measured values from the DSSSDs, the 7Be+p and 4He+3He+1H break-up 
reaction channels, effectively hidden by considerable background coincidences, were quite 
cleanly selected. This demonstrates the potential power of using the DSSSD A E  stage of the 
telescopes as detectors for recoils that do not punch through to the PSSSD stage.
7.3 The mirror nuclides nB and nC
It was noted in Section 6.1 that the level schemes for n B and riC measured in the present 
work exhibit a striking similarity with each other. This, along with the good agreement 
between the measured energies and those of states in the compilation, supports the peak 
identification and energy assignments for both nuclides. The two sets of results illustrate that 
the reactions on the 10B target to populate 11B and 11C are mirror reactions to mirror states, 
with respective selectivity that should be identical. Comparing the associations with known 
states for the two nuclides (Sections 6.1.2 and 6.1.3) shows that consistent interpretations 
have been obtained for the states up to the |+ level (11.265 MeV in n B and 10.679 MeV 
in n C). Namely, the |+ (and less likely |+), one or both of the §~ and §~ doublet, and 
the |+ are seen in each case. Considering the above, the observation of the 12.557 MeV
(|+); T — | state in n B and the T — | state at 12.16 MeV in n C argues that the latter 
has an assignment of |+ (|+); T — | also.
Observation of these and other a-decaying states in n B and 11C above the respective 
single-nucleon decay thresholds (and also the t and 3He-decay thresholds) is a possible in­
dication of their strong a-cluster structure. Indeed, all of the levels found in 11B in the 
present work (Section 6.1.2), above and below the single-nucleon decay thresholds, have pre­
viously been observed in resonant a scattering and radiative a. capture on 7Li. The authors 
of a resonant a scattering and capture study reporting states below the single-nucleon decay 
thresholds ([114]) concluded that the large channel radius necessary in the fitting procedure 
for the states along with their large a  reduced widths indicated their possible cluster type 
configurations. It should be noted that very little information on 11C via radiative a capture 
on 7Be exists and that no resonant 7Be+a scattering has yet been reported.
Turning to T =  § states in J1B and n C, Section 6.1.4 demonstrated that the 12.557 MeV 
! + ( i +); E =  f  state in n B and the 12.16 MeV T =  | state in 11C were populated in the 
present work and observed via a-decay. Considering that for A =  11 T  =  | states both 
the a-decay and the production by single-nucleon transfer onto the T =  0 10B ground state 
are isospin forbidden, it is thus clear that the (|+) ; | states in both n B and 11C must
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include T  =  | admixtures. The a-decay of these states has also been observed in a recent 
work by Soic et al. [79], supporting the conclusion made here (although in the work of [79] the 
reaction mechanism can populate both T =  § and T  — |). The 12.557MeV |+ ( f +); T =  § 
state in n B is considered to be the isobaric analogue state of the T  =  | 11 Be ground state, as 
therefore is the 12.16 MeV T  =  | state in n C. Considering all of the present available data 
in the literature it appears that the lowest T =  § 1:LBe isobaric analogue states in n B have 
probably been identified experimentally for spins |+ , \ and (§ ,§ )+ . However, it was shown 
in Section 6.1.5 that all of those states in n B have also been observed in T — -  reaction 
channels, implying significant T =   ^ admixtures in the lowest 11B T  — § isobaric analogue 
states.
As noted previously, the reactions on the 10B target to populate 11B and 11C are mirror 
reactions to mirror states, as borne out by the similarities in the level schemes for n B and 
11C measured in the present work. This raises the issue of the structures of those mirror 
states. Observation of their strong a-decay is an indication of a possible significant a-cluster 
structure. Given the known a  +  t and a + 3He cluster structure of 7Li and 7Be, this could 
suggest a +  a  +  t and a +  a  +  3He three-centre cluster structure for the observed excited 
states of n B and 11C, respectively. Support for this suggestion comes from many theoretical 
works providing evidence for the existence of three-centre cluster states in 11B and 11C in 
the energy region of the levels observed in the present work. These theoretical calculations 
included near threshold condensate states, that is, dilute, gas-like cluster structures with 
a +  a  + 1 and a +  a +  3He configurations (analogous to, but not as spatially extended as, the 
12C(0f, 7.6542 MeV) dilute gas state of weakly interacting 3a particles). However, the failure 
to observe the 12C(10B,aa3He)n B and 12C(10B,aat)1:LC channels (proceeding either via an 
intermediate 7Li* (7Be*), sBe(gs) or 8Be* resonance) here must put a question mark over the 
assignment of truly well-developed three-centre cluster structure in the present work.
The cluster structures in 11B and 11C can be expected to group naturally into bands with 
an underlying rotational spectrum. The presence of K n =  |+ and K n =  |+ rotational bands 
in both n B and 11C has previously been proposed. The K n =  |+ bands were suggested 
to have |+ , |+ , |+ and members at 7.286 (6.905), 9.185 (8.655), 11.265 (10.679) and 
14.04MeV (13.33MeV), respectively, in n B (n C). Section 6.1.6 presented evidence for the 
population of the 11B |+ , |+ and members and n C |+ and |+ members of the K 77 =  |+ 
bands. Indeed, the strongest two populated peaks seen in both nuclides potentially are the
and |+ members of the respective bands. Thus, the consistent indication from the n B 
and 11C results is that the K K =  |+ bands are selectively populated in the current work. 
This conclusion is supported by the similar results obtained in the work by Soic et al. [79].
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The n B and n C K n =  |+ bands observed have a rotational parameter of 0.25 MeV and 
0.24 MeV, respectively. These small values imply a large moment of inertia I. The rotational 
parameters of the two K n =  § bands can be compared to that of a known deformed nucleus 
such as 9Be, which has a rotational parameter of 0.5 MeV for its ground state band. This 
indicates that the values of 0.25 and 0.24 MeV for the n B and 11C K n =  |+ bands correspond 
to a very deformed nuclear shape. It should be noted that the proposed K n =  |+ rotational 
bands discussed by Soic et al. [79] have no corroborating evidence in the present work.
7.4 12C
In 12C, populated by p +  n addition to the 10B projectile, the levels up to and including 
the 14.08 MeV 4+ state are seen in the 8Be(gs, 0+ )+ 4He and 8Be(3.03MeV, 2+)+ 4He de­
cay channels. They exhibit an excellent agreement with known states (Section 6.2.1). A 
diagrammatical representation of the 12C states observed (Fig. 6.3) in the two decay chan­
nels highlights the absence of certain states in the 8Be(gs)+4He channel due to them having 
un-natural parity and therefore being forbidden from a-decaying to a 0+ 8Be.
The decay correlations of selected states in the 8Be(2+ )+ 4He channel were analysed 
through the use of Dalitz plots. A Dalitz plot can allow the spin and parity of excited 
states to be studied, recording energy correlations between the three break-up a particles in 
the 12C centre-of-mass frame. Patterns in a resulting Dalitz plot will, to some extent, reflect 
the angular momentum, L, of the initial a-decay. This is because the intermediate 8Be 2+ 
resonance is rather broad, and the relative decay strength across the resonance is modulated 
by the associated Coulomb and centrifugal barriers. The Dalitz analysis was compared in 
detail with the recent work of Freer et al. [153] which focussed on verifying the spin as­
signments of certain 12 C states. It was concluded that the experimental angular acceptances 
have a strong influence on the radial dependence exhibited by a Dalitz plot. Also, it could 
be seen in Section 6.2.2 that the periodicity and the ratio of the double-pealc maxima to 
the minima of the angular dependence spectra are strongly influenced by the Jv of the 12C 
state. The overall pattern of a Dalitz plot changes gradually as a function of excitation en­
ergy, driven mainly by the ratio of the sBe(2+ ) resonance energy to the total decay energy 
available (relative to the 3a threshold of 7.272 MeV).
Despite being close in excitation energy to the 12.71 MeV 1+ and 14.08 MeV 4+ state 
peaks, the angular dependence spectrum of the 13.352 MeV state peak is clearly different 
to those of both the 12.71 MeV and 14.08 MeV peaks. That is, the Dalitz pattern is not 
driven by by the tails of those states. It was shown that the 13.352 MeV state angular
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dependence of the present work exhibits a shape and periodicity in agreement with the data 
of Freer et al. [153]. The conclusion of [153] that an assignment of 4~ was most likely 
(although a 2“  or 3+ assignment could not be ruled out) is thus supported by the present 
data. However, despite the peak to background ratios being similar for the peaks in the 
corresponding excitation energy spectra for the two works, the offset of the minima from 
zero counts in the angular dependence is relatively much smaller in the present work. For the
11.828 MeV state superficially there is disagreement in the phase, because the theta definition 
runs in the opposite sense in the two studies, and also the minima fall to zero counts even 
though there is known to be a significant background under the excitation energy peak. Freer 
et al. argued that the 11.828 MeV state should have an assignment of 4“  and not the accepted 
2~ of the compilation because it was only the periodicity of the L =  3 decay of a 4“  level 
that could fit their data, due to the strong effect of the L — 3 decay centrifugal barrier on this 
state shifting the strength for the decay through the 2+ state to lower 8Be* excitation energies 
and sharply altering the angular dependence. The disagreement in the phases has eventually 
been explained as arising from the experimental angular acceptances in the present work. 
Due to this, it can be concluded that whilst the present data are not able to support the 
earlier work they should equally not be considered to contradict Freer et al. concerning the
11.828 MeV state. The preceding conclusions have highlighted that the analysis of Dalitz plots 
and their angular and radial dependences can prove a very useful tool for the study of nuclear 
three-body final states. To do this effectively, however, care must be taken in considering 
certain issues, namely the assumption of an isotropic contribution from the excitation energy 
peak background, any possible effects of overlapping tails of neighbouring states and higher 
resonances, and the particularly important effect of experimental angular acceptances.
An un-natural parity state at 13.352 MeV in 12C has long been established but to date 
there has been no definitive spin assignment. This state, tentatively assigned in the compila­
tion as 2~, was observed in the present work in the 8Be(2+ )+ a  channel but not the 8Be(gs)+a 
channel, confirming its un-natural parity assignment. Support for an assignment of 4“  has 
recently come from a study of the 10B(3He,paaa) reaction, theoretical calculations with a 
3a model, and the Dalitz plot analysis of Freer et al. and the present work. Considering the 
energy region below this state, in the 8Be(gs)+a decay channel there is a tentative possible 
new —13 MeV state with a width of greater than 1 MeV, appearing as a low energy shoulder 
to the 14.08 MeV state (highlighted by Fig. 6.14).
In the 8Be(gs)+a channel three highly excited states were observed, namely a 2 MeV 
broad peak at 19.35 MeV and two narrower peaks at 22.02 and 24.15 MeV. These peaks were 
not seen in the sBe(2+)+ a  channel. The population reaction mechanism and the 3a- break­
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up channel dictate T  =  0 for the states observed here. It could be considered somewhat 
surprising to observe T =  0 states at these energies and widths, as looking at the numerous 
states above 16 MeV in the compilation one can see that they are predominantly T =  1, which 
would thus not be expected to have a large width for a-decay. Conversely, T  =  0 states in 
this energy region would be expected to be much broader due to their unhindered a-decay. 
Considering the appropriate literature (Section 6.2.4), it is clear that excitation energies in 
12C above 16 MeV form a complex region. It is possible that the 2 MeV wide 19.35 MeV peak 
observed in the present work is due to two or more unresolved states, potentially with large 
T =  0 + 1  isospin mixing. Those previous works also concluded that although many of the 
observed states above 16 MeV were assigned T =  1 the measurable a  widths meant that they 
must have a considerable T  =  0 admixture.
Regarding the 22.02 MeV peak in the present work, the known 3“ ,2+ ; T  =  0 state at
21.6 MeV is ruled out due to it being previously seen to a-decay to the ground and first 
excited states of 8Be. At 22.02 MeV and approximately 430 keV wide the parameters of the 
state seen here are not simultaneously consistent with those of the known 22.0 MeV 1~;1 
(width of 800 keV) and 22.40MeV I- ; 1 (275 keV) states. Thus, it can be suggested that a 
T  =  0 state has been found at the same energy as a T =  1 state. The 24.15 MeV peak in the 
present work was observed in the sBe(gs) channel whereas a-decaying states around 24 MeV 
had only been previously seen in the 8Be(2+ ) channel. It is suggested that the 24.15 MeV 
peak is due to a new T  =  0 or mixed isospin T  =  0 +  1 state. Considering all three of the 
states observed in the present work together, narrow states at such high excitation energies 
observed only in the 8Be(gs)+4He decay channel could be consistent with natural parity low- 
spin (possibly 0+ and 1“ ) mixed isospin T =  0 +  1 states with a small T =  0 admixture. 
Theoretical 3a-cluster models have typically only extended to the low level excited states 
in 12 C. Although those works that extended to higher excitation energies did not exhibit 
low spin and natural parity states, as suggested by the measurements of the present work, 
they may provide evidence for the persistence of a-cluster structure at very high excitation 
energies.
7.5 10B
Many states in 10B* were populated by the 10B + 12C reaction (Sections 5.2 and 6.4), and 
decayed via the 6Li(gs)+4He, 8Be(gs)+2H and 6Li*(2.186MeV, 3+ ;0)+4He decay channels 
(cf Fig. 6.17). Population of states above the single-nucleon decay thresholds that decay 
strongly by a and sBe(gs) emission can be considered as evidence for the a cluster nature of
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those states. Also, the absence of the 6.56 MeV 4~ state in the 8Be(gs)+2H decay channel, 
despite the simulated detection efficiency being sufficient at this excitation energy, and its 
presence in the 6Li(gs)±4He break-up channel could be considered as evidence for its strong 
6Li+4He cluster nature. Support for this comes from a similar experimental result obtained in 
the recent work of Curtis et al. [184]. It has been argued in previous works that the uncertain 
3+ assignment currently tabulated for the 7.002 MeV (3+) state would be strongly supported 
by population of that state in the 6Li*(2.186 MeV, 3+ ;0)+4He channel, given the small decay 
energy of 0.355 MeV. The present data give additional support for the 3+ assignment to the
7.002 MeV state. Peaks at approximately 8 MeV observed in the three 10B break-up channels 
studied here can be explained most simply as due to a single state at 7.97 ±0.05 MeV with 
a width of 285 keV. This would replace the previously supposed separate states at 7.96 and 
8.07 MeV. Upon close examination of the literature (see Section 6.4) the 800 lceV width and 
energy of the 8.07 MeV (2+) state are not strongly supported.
The 8.68 MeV (3+ ) state is absent in the 6Li* (2.186 MeV, 3+;0)±4He channel but clearly 
populated in the other two break-up channels studied. Considering it is over 2 MeV above 
the relevant decay threshold this could suggest that it possesses a structure considerably dif­
ferent to that of a 6Li*(2.186MeV, 3+ ;0)±4He system. This is strengthened by the fact that 
the decay would be L =  0 if the (3+) is correct. The measurement of a 9.45 MeV state in 
the 6Li*(2.186 MeV, 3+ ;0)±4He channel but not the 6Li(gs)±4He and 8Be(gs)±2H channels 
supports the few previous observations of the 9.58 MeV T =  0 state in only eLi*(2.186 MeV, 
3+;0)±4He decays, although with the state possibly at a slightly lower excitation energy. 
This observation might suggest a state that has a structure with a large overlap with that 
of the 6Li* (2.186 MeV, 3+ ;0) nucleus. The observation of peaks in the 6Li(gs)±4He and 
6Li* (2.186 MeV, 3+ ;0)±4He break-up channels, that exhibit good agreement in the two exci­
tation energies and decay widths, provides evidence for the population of a previously unre­
ported state in 10B with an excitation energy of 12.88 MeV and a width of less than 900 keV. 
It is interesting to note that there is a lack of 10B* states observed in the 9B e±1H decay 
channel despite states being observed in the other decay channels well above the 9B e±1H 
break-up threshold. This, along with 6Li(gs)+4He decay being clearly the most dominant 
decay channel, can be taken as further evidence for the a cluster nature of those states.
7.6 Other nuclides produced
Although not explored in the Discussion chapter of this work, mention should be made of 
the many other break-up channels and resonant nuclides observed in the present data. These
7.7. Further Work 228
include observation of the 9B ground state decaying through the sBe(gs)+1H channel and 
various levels seen in the 9Be+4He break-up of 13C. Also, states in the nitrogen isotopes 
13N, 14N and 15N were measured via the 12C + 1H, 12C +2H and n B +4He decay channels, 
respectively (different 14N states were also seen in 13C + 1H and 10B + 4He break-up). Further 
to this, the oxygen isotopes 150  and 160  exhibited states in a-decay, namely n C +4He decay 
in the case o f 15O and 12C +4He decay for 16O when the recoil 6Li was left in both its ground 
state and 2.186 MeV 3+ excited state. This wealth of results illustrates the potential power 
of the Resonant Particle Spectroscopy method and the utilisation of double-sided silicon strip 
detectors and position-sensitive silicon strip detectors.
7.7 Farther Work
The discussion on 12 C states seen in the present work highlighted that Dalitz plots and 
their angular and radial dependences can prove a very useful tool for the study of nuclear 
three-body final states. Thus, it would be informative to repeat the 10B + 12C reaction of the 
present work (or utilise the 12C(12C,3a)12C reaction studied by Freer et al. [153]) along with 
the Dalitz plot analysis, but with optimised experimental angular acceptances and detection 
efficiencies so as to gain a better understanding of the spin and parity of the states below 
the 14.08MeV level. In particular, the interesting result of Freer et al., in which the effect 
of the centrifugal barrier apparently becomes a large enough factor in the break-up to allow 
a spin assignment for the 11.828 MeV state, merits further investigation to give a fuller 
conclusion. Also, the use of the 10B(3He,paaa) reaction, in which the 13.352 MeV (2,4)“  
state has previously been observed, and Dalitz plot analysis to study the spin and parity 
assignments of the 11.828 (2,4)-  and 13.352 MeV (2,4)-  states would be of interest as a 
possible comparison to the study mentioned above. Regarding the high excitation energy 
states observed in the 8Be(gs)+4He break-up channel, use of the 12C (a,a ,)12C* reaction and 
a magnetic spectrometer could allow angular distributions to be measured, which, if used in 
conjunction with silicon telescopes to allow a sBe(gs) decay condition to be applied, could 
reveal significant information on the states discussed in the present work. Further to this, 
repeating the 10B + 12C study of the present work with telescopes that were optimised, in 
terms of relative positioning and angular coverage, for high excitation energies and detection 
of the recoil 10B could be very informative.
With regard to the A — 11 results discussed above, a high accuracy examination of the 
resonant 7Li+4He and 7Be+4He scattering reactions could, along with detailed simulations, 
provide information on the spins and parities of the states in n B and n C, respectively, of
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interest here. Potentially this could resolve some of the issues raised in the present work, 
such as whether the \ ; T  =  | state or one of the T =  | states close in energy (in both 
UB and 11C) are seen to alpha-decay, which could lead to more definitive conclusions about 
mixed isospin states and the population of rotational bands. In relation to resonant 7Be+4He 
scattering, any results published from the very recent CHARISSA collaboration experiment 
[191] on 7Be+4He scattering must be kept in mind and could shape any further study utilising 
that reaction (also it conld give direction to any 7Li+4He work). Transfer reactions onto 9Be 
and 10B targets, with an experimental set-up optimised for the kinematics involved and 
excitation energies above 12 MeV, would be complementary to the study just mentioned and 
possibly give further conclusions on the alpha widths of the known T  =  | states. In this 
study a focus on potential three-centre cluster structure states decaying via a  +  a +  3He(£) 
would also be possible.
States in 8B have previously been seen to be populated in the 6Li(3He,n)8B reaction. 
Performing an experiment with this reaction at a suitable beam energy for the 8B excitation 
energy region of interest, using detector telescopes in conjunction with a neutron detector 
array (to allow complete kinematic detection), could be a highly informative study of states 
below the first T  — 2 state at 10.619 MeV. Of interest to the author of the present work would 
be a study focussed on the 10B state(s) at ~8 MeV. This could be achieved by population 
with inelastic 10B excitation, resonant 6Li+4He scattering (elastic and inelastic) and a 9Be+p 
transfer reaction and then detection of the various decay channels of interest (using at least 
one detector capable of detecting the associated recoil to strongly aid an accurate kinematic 
reconstruction). Particularly, in such a study the 9Be-fp break-up channel would be of interest 
due to its lack of observation in the present work.
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